University of Arkansas, Fayetteville

ScholarWorks@UARK
Graduate Theses and Dissertations
12-2012

Exploring the Surface Liquid and Lake Regions of Titan with
Laboratory Experimentation and Cassini Spacecraft Data
Felix Casimir Wasiak
University of Arkansas, Fayetteville

Follow this and additional works at: https://scholarworks.uark.edu/etd
Part of the Hydrology Commons, Stars, Interstellar Medium and the Galaxy Commons, and the The
Sun and the Solar System Commons

Citation
Wasiak, F. C. (2012). Exploring the Surface Liquid and Lake Regions of Titan with Laboratory
Experimentation and Cassini Spacecraft Data. Graduate Theses and Dissertations Retrieved from
https://scholarworks.uark.edu/etd/572

This Dissertation is brought to you for free and open access by ScholarWorks@UARK. It has been accepted for
inclusion in Graduate Theses and Dissertations by an authorized administrator of ScholarWorks@UARK. For more
information, please contact scholar@uark.edu.

EXPLORING THE SURFACE LIQUID AND LAKE REGIONS OF TITAN WITH
LABORATORY EXPERIMENTATION AND CASSINI SPACECRAFT DATA

EXPLORING THE SURFACE LIQUID AND LAKE REGIONS OF TITAN WITH
LABORATORY EXPERIMENTATION AND CASSINI SPACECRAFT DATA

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy in Space and Planetary Sciences

By

Felix C. Wasiak
State University of New York College at Buffalo
Bachelor of Technology, 1982

December 2012
University of Arkansas

ABSTRACT
The surface liquids and lake regions of Titan are studied utilizing three unique
techniques, the results of which are reported in this dissertation. The development of a facility to
simulate the surface conditions of Titan, and to conduct experiments on samples within that
facility, brings an understanding of Titan’s surface not possible through observation and
modeling alone. The properties of this facility are presented, including conceptual methodology,
design, implementation, performance, and experimental results.

The facility, the main

component of which is a simulation chamber, allows for Titan temperatures of 90 – 94 K and a
1.5 bar N2 atmosphere. The sample cryogenic liquids or ice undergoing experimentation are
condensed within the chamber itself. During experiments, evaporation rates are determined by
directly measuring mass, while vapor concentrations are determined using a gas chromatograph
fitted with a flame ionization detector. The infrared (IR) spectra of liquid and ice constituents
are analyzed with a Fourier transform infrared spectroscopy spectrometer (FTIR) via a fiber
optic probe, and all pertinent data is logged in a computer.
With the Cassini spacecraft currently orbiting Saturn and conducting periodic close
flybys of Titan, a unique opportunity exists to search for change in lake size and shorelines in the
northern lake region due to the temporally spaced overlapping data coverage. The results of a
Geographic Information System (GIS) approach to monitoring Titan’s northern lakes for change
found no discernible change in northern lake size or shorelines over a 32 month period. GIS
analysis of an estuary of Kraken Mare, for synthetic aperture radar (SAR) swaths taken 47 days
apart, indicate a transient feature, with implications for short-term dynamic processes.
A geological characterization of Ligeia Mare, the second largest sea on Titan, was
performed utilizing Cassini SAR swaths.

SAR swaths were mosaicked, and the mosaic

interpreted so as to identify the principle components of the surrounding terrain. Interpretations
related to landscape forming processes were formulated, measurements of drainage channel
directions and the areal extent of main channels and tributaries are reported, and the sediment
volume that has flowed into Ligeia through time is estimated.
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I. INTRODUCTION
This chapter gives an introduction to Saturn's moon Titan, an overview of radar and the
use of synthetic aperture radar (SAR) on Titan, the questions this study sought to answer, and an
outline for the subsequent chapters.
A. SATURN’S MOON TITAN
1. Discovery
Saturn has many moons, fifty-three of which have been named to date. One of the more
intriguing of these moons is Titan, with its planet-like size, thick nitrogen atmosphere, clouds,
lakes, shorelines, riverbeds, and a complex weather system. Since 2004 our knowledge of this
body has greatly increased due to data collected by the Cassini-Huygens spacecraft. The decent
of the Huygens probe onto Titan’s surface acquired many in situ measurements, and the many
close fly-bys of the Cassini orbiter, with its host of remote sensing instruments, continues to
supply a wealth of new information which leaves many opportunities to re-characterize the
physical properties of this world.
Christiaan Huygens (1629-95), who discovered Titan in 1655, was a preeminent Dutch
mathematician, physicist, inventor, craftsman, and astronomer.

Amongst his many

accomplishments, Huygens is credited with developing the wave theory of light, the pendulum
clock, making great advances in telescope technology, and hypothesizing that Saturn's varying
profile was due to a ring. He designed a state-of-the-art telescope that had an extremely longfocus, with the main lens high up on a pole that utilized pulleys, controlling lines,
counterbalances, pointing systems, and had a 50X eyepiece. Along with his brother Constantyn,
they developed a machine for grinding and polishing lenses that made use of gears. Using this
machine they were able to produce long-focus lenses with far less distortion than lenses polished
1

by hand. Huygens referred to the point of light he saw near Saturn as Luna Saturn – Latin for
Saturn’s moon. Huygens discontinued searching for any further moons of Saturn in 1655 when
his apparent beliefs in numerology lead him to conclude the solar system’s inventory was
complete (Lorenz et al., 2002; Yoder 1988). It’s interesting to wonder what Huygens would
have thought of the probe sitting on Titan’s surface that bears his name.
The Cassini-Huygens spacecraft entered Saturn's orbit on July 1, 2004, and on December
25, 2004, the Huygens probe was released for its decent to the surface of Titan. The Huygens
probe collected 147 minutes, 13 seconds of data during its decent, and 72 minutes, 9 seconds of
data while on Titan’s surface. It continued to send data as the Cassini spacecraft disappeared
below the horizon (Lebreton et al., 2005). The Cassini orbiter continues to study the Saturnian
system.
Titan is the second largest moon in the solar system with a diameter of 5150 km. It is
second in size only to Jupiter’s moon Ganymede, and is larger than the planet Mercury. Titan is
the only solid body beyond Mars with a substantial atmosphere (Rothery 1999). Titan’s average
distance from Saturn is 1,221,850 km, with an orbital period of 15.95 days and a synchronous
rotation; i.e. the same side always faces Saturn. The orbital eccentricity is 0.029, and the orbital
inclination is 0.33 deg with reference to Saturn's equator. Titan has a mass of 1.34 x 1023 kg, a
density of 1.881 g/cm3, and the temperature at the surface, as measured by the Huygens probe, is
94 K (Fulchignoni et al., 2005). No internally generated magnetic field has been detected for
Titan.
2. Gravitational Force
The force of gravity between Saturn and Titan is determined by:
(1)
2

where

;
5.646

;
;

The gravitational acceleration at the surface of Titan is:
⁄

(2)

where
The gravitational force at Titan's surface compared to that on Earth is:
⁄ ⁄

(3)

⁄

3. Solar Heating
Titan has no detectable internally generated heat output and therefore receives its surface
energy from the sun, with a minor contribution from Saturn. Utilizing the average output of the
Sun at the solar surface and the inverse square law, the average solar flux reaching the Saturnian
system can be determined by:
(4)

where

;

If you imagine a 15 W directional light bulb every square meter this doesn’t seem so bad. This
compares with 1366 W/m2 for Earth.
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The total solar flux Titan receives is therefore the flux/m2 multiplied by the area of
Titan’s disk:
(5)
However, Titan has an albedo of 0.21, which is the approximate amount of solar flux reflected
away. Therefore, to obtain the amount of solar flux not reflected by Titan:
(
The peak Emission Wavelength (

)

(6)

) for Titan is:
(7)

where

and
.

4. Lakes
The first definitive evidence for the presence of lakes on the surface of Titan was
obtained during the T16 Cassini flyby on 22 July 2006 (Figure 1). More than 75 circular to
irregular radar dark patches were identified in this swath (Stofan et al., 2007).

Of the

approximately 54% of the north polar region surveyed by Cassini’s radar, ~10% is currently
covered by lakes (Lorenz et al., 2008). The large seas Punga, Ligeia, and Kraken Mares are
found from 220-360o W, while smaller lakes are scattered throughout the remaining northern
region. Deep lakes are seen above 650N, while below 770N shallow lakes and empty basins
appear (Hayes et al., 2008). Of the more than 400 filled lakes identified on Titan, most lie in the
northern high latitudes; the same latitudes in the southern hemisphere are largely devoid of
lacustrine features, with the exception of Ontario Lacus, the southern regions largest lake at 200
× 70 km (Wall et al., 2010). While some lakes appear to have undergone shoreline erosion, other
4

lakes appear to have resulted from relatively recent deep immersion of fluvially eroded
topography with no obvious shoreline modification by lacustrine processes (Moore and
Pappalardo, 2011)
Along with seasonal changes, Aharoson et al. (2009) propose the asymmetric distribution
of lakes may be a possible consequence of orbital forcing, and much like Earth’s glacial cycles,
Titan’s vigorous hydrological cycle may have a period of tens of thousands of years and lead to
active geological surface modification in the polar latitudes.
While Earth has only one constituent in its hydrologic cycle, i.e. water, Titan has several.
Although estimates of lake composition include ethane, methane, propane, nitrogen, and other
constituents (Brown et al., 2008; Cordier et al., 2009; Lunine and Lorenz 2009), methane is
thought to dominate the hydrological cycle due to its rapid evaporation and low density (Mitri et
al., 2007; Hayes et al., 2011). Ethane is fairly involatile at Titan’s surface conditions, and hence
would form a permanent component of lakes (Stofan et al., 2007). However, a liquid solution of
50% ethane and 50% methane has half the methane vapor pressure of pure liquid methane,
obeying Raoult’s law. Therefore, any differences of abundance of ethane in the southern versus
northern hemispheres will potentially lead to an amplified difference in the amount of methane
available for seasonal transport (Lunine and Lorenz 2009).

5

N

Figure 1. A polarstereographic projection of the northern portion of the Cassini spacecraft’s
synthetic aperture radar (SAR) swath T16, acquired July 22, 2006 (35 W, 79 N). This SAR
swath was the first definitive evidence for the presence of lakes on the surface of Titan (Stofan et
al., 2007). The swath is ~146 km in width at the center.
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Laboratory experiments indicate liquid methane readily soaks into water ice (Sotin et al.,
2009), which is consistent with the hypothesis that an unconfined aquifer or "water table", and
ground saturation of the solid water ice bedrock exists over large areas. Large amounts of ethane
or methane, or both, may be stored in Titan’s crust. Although liquid ethane has a vapor pressure
three orders of magnitude lower than methane, it behaves the same as liquid methane
mechanically under Titan’s conditions (Lunine and Lorenz 2009).
Griffith et al. (2012) report that analysis of near-infrared spectral images of the region
between 20o N and 20o S latitude has identified a 60 × 40 km2 oval region that is indicative of
liquid methane on the surface, and that this dark oval has been present since 2004. Its presence
during the dry season argues against a rain puddle, which would evaporate quickly in the
equatorial region. This points to a subsurface source of liquid methane. Several small lakes
sparsely dot Titan’s tropical surface as well (Griffith et al., 2012).
Mitri et al. (2007) indicates that based on a surface pressure of 1.5 bars, a surface
temperature of 92.5 K, and the measured surface methane mole fraction of 0.049 (Nieman et al.,
2005), the model of Lunine (1993) predicts a mole fraction in liquid deposits at Titan’s surface
of methane ~0.35, of ethane ~0.60, and of nitrogen ~0.05. Mitri et al. (2007) further indicate the
melting temperature of this hydrocarbon mixture would be ~88 K. Since the temperature at the
poles is expected to reach 90.5 K (Jennings et al., 2009), hydrocarbon ice is not expected
anywhere on the surface of Titan.

Although pure liquid methane freezes at 91 K, and

evaporative cooling would further decrease lake temperatures, Lunine (1993) indicates that
nitrogen dissolved in lakes would reduce the freezing temperature by up to 6 K The freezing
point is also reduced below the minimum expected temperature if there is a significant fraction
of ethane present (Hayes et al., 2011).
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5. Atmosphere
a. Thermal Profile
Titan’s thermal profile was measured during the Huygens’ probe decent from 1400 km to
the surface.

The highly stratified atmosphere consists of a thermosphere, mesosphere,

stratosphere, and a troposphere. Figure 2 illustrates Titan’s atmospheric temperature profile as
measured by the Huygens probe. From the top down in Figure 1, the dashed lines delineate the
mesopause at 490 km, the stratopause at 250 km, and the tropopause at 44 km (Fulchignoni et
al., 2005).
The thermosphere contains several temperature inversion layers, and theories governing
the existence of these layers include gravity waves and gravitational tides. Gravity waves are a
phenomenon that can occur in a fluid (a gas is a compressible fluid) where buoyancy will move
an air parcel upward, and gravity then provides a restoring force; i.e. pulls it back down,
resulting in an oscillation about an equilibrium state. The resulting waves will propagate through
the atmosphere. Gravitational tides are a similar phenomenon to oceanic tides on Earth; here the
effect is due to Saturn’s gravity and the effect of Saturn’s other moons on Titan’s atmosphere.
Thus, the numbers, magnitudes, and frequencies of the many temperature inversion layers in the
thermosphere may be quite dynamic and transitory. The atmospheric temperature peaked at
about 200K at 1000 km, and the average temperature was 170 K (Coustenis 2006; Fulchignoni et
al., 2005).

8

Figure 2. Titan’s atmospheric temperature profile as derived from Huygens Atmospheric
Structure Instrument (HASI) measurements during decent (Fulchignoni et al., 2005; Coustenis
2006).

9

The inversion layer at 490 km was designated the mesopause, with a minimum
temperature of 152 K, and the large inversion layer at 250 km designates the stratopause, hence
delegating the mesopause between 490 and 250 km. The temperature at the stratopause was
approximately186 K. The temperature in the stratosphere then declines from 186 K to the
atmospheric minimum of 70 K at an altitude of approximate 44 km. From the tropopause to the
surface the temperature increases from 70 K to 94 K.

This massive inversion layer at 44 km

designates the tropopause. The temperature inversion at the tropopause is theorized to be the
result of strong stratospheric absorption of solar UV in the stratosphere, which decreases with
decreasing altitude, and the penetration of longer wavelength solar visible radiation in the
troposphere. The pressure at the surface was measured to be 146.7 kPa (Fulchinomi et al.,
2005). The effective temperature of Titan is about 82K and the resulting surface temperature is
the result of approximately 22 K of greenhouse warming, minus approximately 10 K for the antigreenhouse effect due the absorption of solar energy at high altitudes by haze (Coustenis 2006).
The Huygens probe landed on a solid surface (rather than a liquid), as indicated from
images taken at the surface, along with the lack of any rhythmic motion while the Huygens probe
operated on the surface. Current hypothesis include a surface consistency of ice-grain sand, wet
clay, or wet sand (Lebreton 2005). No significant signature of rain was found (Fulchignoni et
al., 2005); it was more of fine misty methane drizzle (Tokano et al., 2007). Rain will fall slowly
on Titan due to the decreased gravity relative to earth. Titan exited the northern winter season in
2010 and rainfall is expected to increase at the equator, then at the north polar region with
northern spring and summer. Titan has a 29.5-year orbital period, thus approximately 7.5 years
per season (Spring is beautiful on Titan…)
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b. Composition
The bulk of Titan’s atmosphere consists of N2 and CH4 (Niemann et al., 2005). Analysis
of the Huygens probe data indicates the mole fraction of methane is 0.014 in the stratosphere,
where it is evenly mixed. As the probe descended, it detected that CH4 levels began to increase
at an altitude of 32 km, and eventually reached a mole fraction of 0.049 at 8 km. The amount
then remained constant until the probe impacted the surface. Following impact there was a rapid
increase in the methane signal (40% increase in abundance), and while no evidence of liquid was
found, the surface is expected to be very humid, implying the warm probe caused methane to
evaporate from the surface. No H2O was detected to vaporize following the impact.

36

Ar was

found to exist at a mole fraction of 2.8x10-7. Its radiogenic isotope 40Ar was found to exist at a
mole fraction of 4.32x10-5, implying outgassing from Titan’s interior (Niemann et al., 2005;
Coustenis 2006). Other trace species detected by the Huygens probe included: cyanogens,
benzene, ethane, and carbon dioxide.

The Composite Infrared Spectrometer (CIRS) on-board

the Cassini orbiter has also found trace amounts of acetylene, propane, methylacetylene,
diacetylene, as well as CO2. Traces of H2 and water vapor also exist.

The mole fraction of

nitrogen varies with altitude, and to a lesser extent, latitude. N2 is generally regarded to make up
91% – 97% of the atmosphere (Niemann et al., 2005; Coustenis 2006).
Water vapor in Titan’s atmosphere dissociates into OH which combines with methane
photolysis products and produces CO and CO2. The source for water is thought to be the rings of
Saturn. Increased CO2 levels would cause Titan to more closely resemble the atmospheres of
planets like Mars, Venus, and notably the prebiotic Earth (Coustenis 2006).
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Neglecting trace components, the average molecular weight of the atmosphere at the
surface can be approximated by multiplying the mole fraction of constituents by their molecular
weight, then summing the results (Table 1.)
The partial pressure of CH4 in Titan's atmosphere:
( )( )

(8)
(

where

) and
.

The relative humidity of methane in Titan's atmosphere can be calculated as such:
(

where

)

⁄

(9)

(Encyclopedia.airliquide.com

2012).
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N2
Ar
CH4
Total
40

Mole Fraction
0.95
0.0000432
0.049

Molecular Weight
28
40
16

Atmospheric Weight
26.6
0.00173
0.784
27.4

Table 1. Molecular weight estimate of Titan’s atmosphere at the surface (Niemann et al., 2005).
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c. Properties of the Atmosphere
Column density is the mass of a column of the atmosphere from the surface to free space,
and for Titan is:
⁄

(10)

Where

Scale height is the altitude at which the atmospheric pressure is ⁄ the value at the
surface and can be calculated by:
⁄

(11)

where

.
The total mass of atmosphere can then be calculated by multiplying the column density

by the surface area:
(12)
where

.

d. Haze and Clouds
The abundance of hydrocarbons in Titan’s atmosphere are thought to primarily form in
the upper atmosphere from sunlight and energetic particles which trigger the conversion of CH4
and N2 into complex organic molecules that aggregate to form massive ions from which tholins
are thought to form. Tholins are typically reddish-brown in color (from the Greek word meaning
“muddy”), thus, tholins are thought to cause Titan’s reddish-brown haze (Kemsley 2007; Sagan
and Khare 1979).
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A phenomenon measured by the early Voyager program is a separate detached haze layer
above Titan’s primary stratospheric haze. An interesting comparison between the Voyager data
and Cassini is Voyager detected the detached haze layer at altitudes of 300 to 350km, whereas
Cassini’s ultraviolet images from 2007 show a similar detached haze layer, but at an altitude of
500km. This layer then dropped down to 380 km by 2010. Models suggest this is the result of
variations in meridional stratospheric circulation, which are effected by solar heating (West et al.
2011).
A seasonal formation of dark clouds, known as the polar hood, forms over a pole during
its winter, and is believed to be associated with downwelling during polar winter. The northern
polar hood was first imaged by Voyager in 1980 (Lorenz et al., 2006).
Visible clouds at mid-latitudes tend to be infrequent, small, and short lived. Cassini
observations indicate they rise quickly to the upper troposphere and dissipate through rain.
These mid-latitude clouds tend to form near 350o W and 40o S, leading to speculation they may
be associated with a surface system such as cryovolcanism (Coustenis 2006).
Data from the Huygens’ decent through the troposphere also suggests evidence of layered
optically thin methane ice clouds, and lower, barely visible liquid methane-nitrogen clouds, with
a gap between the two. The lower clouds produce a fine drizzle that reaches the surface (Tokano
et al., 2007). Cloud formation and rain events (the appearance and subsequent disappearance of
dark surface features between Cassini close flybys) have been well documented (Turtle et al.,
2009; Turtle et al., 2011).
e. Super-Rotation and Winds
Amongst all the success of the Cassini-Huygens mission, there was an unfortunate
mishap where one of 2 receivers on Cassini (which acted as a relay for Huygens) was not
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properly configured, and the spacecraft did not receive about half of the 700 images taken by the
probe, along with much of the data on wind speeds (Cowen 2005). Fortunately however, Earthbased radio telescopes were monitoring the mission and able to receive this tiny signal directly
from Titan, salvaging much of the wind profile data during Huygens decent.
Winds speeds were determined by measuring the Doppler shift of Huygens’ signal during
its decent. Winds are weak near the surface (~1 m/sec) and increase slowly with altitude to ~60
km, where significant vertical wind shear occurs (in the stratosphere). The probe experienced
much turbulence in the lower stratosphere, at one point tipping ~900 while parachuting down.
The highest recorded wind speed was ~120 m/sec at an altitude of 120 km (Lakdawalla 2005).
Titan’s haze contributes to stratifications in the atmosphere’s thermal profile, contributing to
circulations patterns and strength of the winds.
It has long been known that Titan’s atmosphere is a super-rotator, meaning it circulates
around the moon in a prograde direction faster than the body rotates (~16 day period). Superrotation will only occur on a planetary body with a slow enough rotation so the Coriolis effect is
very small. Thus, like Venus, there is only one Hadley cell per hemisphere. Warm air rises from
the equator and makes it way to poles where the atmosphere is colder and therefore at a lower
pressure, whereupon it descends, and makes its way back to the equator to complete the cycle.
In addition to this north/south movement, there is a net prograde (west to east) movement of the
atmosphere, which is explained by the “moving flame” mechanism: Relative to Titan, the Sun
moves across the sky from east to west. This moving flame deposits energy into the atmosphere
and this heated atmosphere subsequently convects upwards; however, this upward convection
has a time lag. As the heated parcel of atmosphere rises and expands, it reacts with convection
cells that preceded it, so the stream lines of upward convection following the sun’s “trace” across
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Titan will be tilted away from the sun as Titan rotates; i.e. the stream-lines will be in the
prograde sense (Chamberlain et al., 1987). There will be a net wind from the currently heated
area to the cooler preceding areas, west to east, which continues to propagate to subsequent cells.
The speed of this net movement of the atmosphere exceeds the relatively slow rotational speed of
Titan’s surface, resulting in the super-rotation of the atmosphere (Bird 2005). The above is the
general trend in Titan’s winds.
f. The Greenhouse and Anti-Greenhouse Effects
The greenhouse effect occurs when atmospheric gases are transparent in the visible
region of the solar spectrum, allowing solar radiation to penetrate deep into the atmosphere to the
surface, but are opaque in the thermal infrared and trap the outgoing radiation, thus warming the
atmosphere. The anti-greenhouse effect occurs due to high-altitude absorption at peak solar
wavelengths, coupled with weak absorption in the thermal infrared, thus allowing what heat is
produced to escape, resulting in a cooling of the atmosphere (McKay et al., 1991). Titan realizes
a combination of these effects, with the greenhouse effect increasing the temperature by 22 K,
and the anti-greenhouse effect reducing the temperature by 10 K, with a net warming effect of
12K over the effective temperature of approximately 82 K.
Unlike on earth, the gases involved in the greenhouse effect on Titan are N2, CH4, and H2.
On Titan, the greenhouse effect is dominated by collision-induced absorption of N2-N2, CH4-N2,
H2-N2, and to a lesser extent CH4-CH4. While nitrogen, methane, and hydrogen are symmetrical
molecules, they experience an induced dipole moment during collisions due to the increased
density of Titan’s atmosphere. The roles of CO2 on Earth and H2 on Titan are similar. These
gases have lower concentrations and play smaller roles than the main condensable gases of water
vapor and methane, respectively; however, their concentration is not limited by saturation, and
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thus their concentration can change and alter the thermal profile. Temperature changes due to
changes in concentrations of carbon dioxide on Earth, and hydrogen on Titan, are amplified,
hence giving these gases the title of “greenhouse gases” (McKay et al., 1991; McKay 2005).
For the antigreenhouse effect, models show as haze becomes thicker the antigreenhouse
effect becomes stronger.

The haze absorbs much incident sunlight, with an additional effect

from the absorption in the near infrared from the methane in the stratosphere. The haze is the
result of tholins produced in the upper atmosphere, which permeate down to lower altitudes
(McKay et al., 1991). It should be noted that if the methane source (see below) ever ran out,
photo dissociation would continue the destruction of methane, temperatures would drop, nitrogen
gas would condense into liquid, and the atmosphere would collapse (Atreya and Sushil 2007).
g. Methane Sources and Sinks
Titan has a large sink for its methane - the continual destruction of methane by photo
dissociation in the upper atmosphere, whereupon hydrogen molecules, with their light molecular
weight, escape into space (Nieman et al., 2005).
The escape velocity from the surface of Titan is:

√

⁄

(13)

where
The escape velocity 1400 kilometers above the surface is:
√

⁄

(14)

The rms velocity of hydrogen (H) 1400 kilometers above the surface is:
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√

⁄

(15)

⁄

Where

⁄

.

The rms velocity of hydrogen (H2) 1400 kilometers above the surface:
√

where

⁄

(16)

⁄
Although the rms velocity for H and H2 are below the escape velocity, hydrogen will be

able to escape the atmosphere as the escape velocity is in a Maxwellian speed distribution, and
molecules at the high speed side of the curve have sufficient speed to escape. Molecules that
escape will be replaced by new fast moving molecules from lower altitudes, and a portion of
these will escape as well, continuing the process. The mean free path at 1400 km is negligible.
Methane on Titan would be destroyed in 10 – 100 Myr in the absence of a source to
replenish the supply, either periodically or continually (Nieman et al., 2005). There are both
geological and biological theories on possible sources, should one exist at all. One possible
geological source is clathrate reserves in the interior. Another is liquid water in either a freezing
point depression solution of ammonia, or heated by radioactive decay and other geological
activity, which would liberate hydrogen gas from reactions between the water and rock. The
hydrogen in turn would react with carbonaceous material to produce methane, which would
subsequently outgas to the atmosphere. Clearly, the detection of

40

Ar, which forms from the
19

decay of 40K in rocks deep under the surface, indicates that Titan experiences internal geological
activity (Atreya 2007).

The fact that Titan’s surface looks relatively young also indicates

geological activity.
Given that biological sources produce most of the methane here on Earth, the
consideration of a biological source on Titan is natural. Should liquid water exist beneath the
surface, and have existed for a long period of time, there is enough organic material on Titan to
postulate the chemical evolution of life, or chemo-synthesis. Such a system would not require
sunlight, analogous to conditions deep in the Earth's oceans where thermal vents supply the
energy required to sustain an ecosystem. Given Titan's extreme cold, lack of sunlight, trace
quantities of CO2, etc., conditions are not optimal; however, Earth has enough examples of
extremophile microbes to make such conditions plausible. The
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C/13C isotopic ratio measured

by the Huygens probe is not supportive that active biota exist on Titan (Niemann et al., 2006).
6. Surface
Titan has a geologically complex surface that has been modified by geological processes
similar to those seen on Earth: erosion and deposition by fluvial and aeolian activity, tectonism,
volcanism, and impact cratering. Lakes are located at the poles and predominately in the north
polar region, while channels from fluvial activity appear at all latitudes. Undifferentiated plains
are the largest surface feature, and although their origin is uncertain, they are interpreted to be
predominately composed of water ice. Dunes and mountainous terrains are located mostly at
low latitudes. Dunes cover ~20% of Titan’s surface, mostly within ~30o of the equator, and are
thought to be made of sand-sized photochemical debris (Lopes et al., 2010).
Fluvial incision into bedrock is likely to be similar to that on Earth for similar conditions
of slope, discharge, and sediment supply (Collins 2005). Although sediments experience a
20

reduced gravitational force compared to Earth, this is offset in part by liquid methane’s lower
viscosity compared to that of liquid water, and, for a given shear velocity, larger sediment sizes
can be transported on Titan due to greater buoyancy (Burr et al., 2006). Additionally, while the
kinetic energy of particle impacts through liquid may be lower on Titan, the abrasion resistance
of water ice to that of terrestrial sandstone, for example, is also lower (Collins 2005). Work by
Burr et al. (2006) on organic and water ice sediment movement by liquid methane flow under
Titan gravity indicates that non-cohesive material would move more easily on Titan than Earth.
Additionally, hyperconcentration of fine grain organic sediment precipitated from the
atmosphere would enhance coarse grain transport, with the possibility of convection driven
rainstorms leading to hyperconcentrated flows, and surficial liquid flow events incurring
significant sediment transport (Burr et al., 2006).
On January 14, 2005 the Huygens probe landed on Titan’s surface at 10.30 S, 192.30 W
(Coustenis 2006), just off a bright region called Adiri. The surface was a solid flat plain covered
in pebbles, as indicated from images taken by the probe following impact, as well as from a lack
of rhythmic motion while the Huygens probe operated from the surface (Figure 3). The probe
operated for 72 minutes 9 seconds while on Titan’s surface (Lebreton et al., 2005). Current
hypothesis of surface consistency include "sand" made of lightly packed snow, wet or dry sand,
or wet clay (Zarnecki et al., 2005).
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Figure 3. Image taken on Titan’s surface on January 14, 2005 by the Huygens probe. The
“stones” in the center of the image are 10 to 15 cm in size. The image was produced by merging
images from the Descent Imager/Spectral Radiometer Side-Looking Imager and the Medium
Resolution Imager (Photojournal, JPL, NASA, 2012a).
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After landing, the Huygens’ probe detected a forty percent increase in the abundance of
methane, implying the warmth of the probe caused methane on the surface to evaporate;
however, there was no evidence of liquid (Coustenis, 2006). Although not attracting its fair
share of notoriety in our wayward popular culture, this successful technological feat and
acquisition of scientific data is certainly one of mankind’s greatest triumphs to date (Lorenz and
Mitton 2002).
The images from the Huygens probe during decent and radar images from the Cassini
orbiter show the Huygens’ landing area as bright highlands and dark plains separated by dunes.
About 30 kilometers north of the Huygens landing site are huge dunes hundreds of kilometers in
length, each separated by about 10 kilometers. It is thought these dunes are composed of
hydrocarbon grains. A suggested analog for the Huygens landing site is an expansive plain of
dirty water ice covered in organic-ice deposits. The deposits are organic aerosol haze particles
which drift downward from the atmosphere coating the surface (snow). The particles may also be
re-worked by erosional and weathering processes once on the ground. North of the dunes is a
brighter terrain, displaying large drainage channels in ramified patterns, apparently branching
several times with altitude. Analysis of the dark plains suggests occasional periods of flash
flooding; although the liquid would not be from the north, as the patterns run west to east
(Soderblom et al. 2007). Although Titan has liquid hydrocarbon lakes at both its north and south
polar regions, the vast majority are in the north. Titan is showing geologically young terrains
due to erosion, and evidence for tectonic resurfacing exists. Linear boundaries between bright
and dark areas exist at regional and global scales, suggestive of plate tectonics. Evidence is seen
for the effects of rain & wind, and viscous relaxation, in which surface features subside over time
due to the flow of surrounding material under the influence of gravity, a feature seen on icy
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satellites where craters are flattened or slowly disappear by plastic-like ice flows (Pater et al.,
2006).
A large Australia-sized bright feature named Xanadu (15o S, 100o W) exist within
surrounding dark plains, containing river channels, impact craters, dry basins, and rugged
mountainous terrain, with relief over 2000 m. Xanadu is thought to be one of the oldest terrains
on Titan. The light color is believed to be the result of highly reflective ice. The region is
mysterious as the brightness was thought to be the effect of exposed ice resulting from surface
material washing into the lowlands; however, altimetry data showed the overall elevation is low
compared to the surrounding sand seas (Radebaugh et al., 2011).
While Titan has certainly had its fair share of meteor impacts, thus far only five features
have been identified as unequivocal impact craters, and 44 as nearly certain and probable (Wood
et al., 2010). Although erosion and viscous relaxation erase the marks of impact craters over
time, Titan’s thick atmosphere acts as a shield protecting the surface from such impacts.
Undoubtedly, many projectiles either completely vaporize and never reach the ground, or are
broken up into many pieces. Atmospheric drag on small meteoroids can substantially slow them
down, and larger bodies can explode in the atmosphere without creating an impact crater (Pater
et al., 2006). For this reason, few craters smaller than about 10 km in diameter would be
expected, and there wouldn’t be any long rays emitting from craters as seen on the moon, as the
thick atmosphere would slow down the ejecta. Based on observations of Saturn’s other moons,
and considering Titan’s relative size, it is estimated Titan would have about 16,000 craters that
are 20 km in diameter, and about 50 over 200 km (Lorenz et al., 2002) were it not for
resurfacing.
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In an attempt to understand this cold world, there is a natural tendency to equate Earthlike analogs with natural processes that may occur on Titan. With its methane drizzle and
accumulation of organic material on the surface, the existence of glaciers (of brown organic
sludge) is a process well worth considering. Although the freezing point of methane is about 91
K, the nitrogen in the atmosphere causes an antifreeze effect which lowers this to ~85 K, which
is lower than temperatures are expected to occur anywhere on Titan. Whether those organics
that do accumulate on the surface achieve a consistency that is conducive to glacier like
formation remains to be seen (sand-like properties do occur, as seen in the massive dune fields).
Wide channels have been observed on Titan’s surface, and their origins are the subject of much
study. Glaciers on Earth grab rocks and boulders, and drag them along the surface to carve out
the various U-shaped valleys and other glacier related landforms. The pressure at the bottom of
Earth’s glaciers can be considerable.

Massive amounts of snow accumulate to form Earth’s

glaciers, and it remains to be seen if such accumulations exist on Titan. The lower gravity would
mean the pressure, as well as the speed of any glaciers, would be considerably less than is typical
on Earth, causing less erosion (Lorenz and Mitton 2002).
As on Earth, average conditions don’t necessarily account for seasonal or extreme
conditions. Huge downpours can cause much erosion, and although raindrops would fall more
slowly, the drops may become larger with the increased time for drops to accumulate, and could
conspire to form powerful raging rivers, especially considering the viscosity of liquid methane is
lower than water, which would increase turbulence. With a 15.95-year seasonal cycle, and the
many complex weather systems involved, methane monsoons could account for the fluvial
features observed (Lorenz and Mitton 2002).
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What could increase turbulence and erosive capability is that rivers on Titan exist close to
their boiling point. The potential for increased erosion could be analogous to a phenomenon
known to ship builders, where pitting can occur in ship propellers if the propellers’ rotate faster
than design specifications. Propellers can generate such suction that pressure close to the blades
falls to the point where there is effectively local boiling, and bubbles of vapor form in a process
known as cavitation. These bubbles cause the erosive pitting in the metal propellers. As such,
since only a small drop in pressure would be required to cause a methane river to boil, quickly
flowing boiling rivers could increase the erosion on the landscape (Lorenz and Mitton 2002).
Like many dry places on Earth whose rivers only flow occasionally, Titan, with its longer
seasons, may require 100’s of years of observation to characterize.
Extensive geologic study reveals that the Earth is currently in a warm part of a periodic
glaciations cycle going back 3 million years, and that for about a billion years prior to that the
earth was generally warmer than today due to increased greenhouse warming. Hence, it is
probable that Titan too has had a much different past than we currently observe. Colder
temperatures could have caused a collapse of the atmosphere (Atreya and Sushil 2007), while
warmer temperatures could have exacerbated the already high pressure of the atmosphere, and
contributed to resurfacing processes.
7. Interior
With Titan’s mass of 1.34 x 1023 kg, average density of 1.881 g/cm3, and radius of 2,575
km, it is very much like Jupiter’s moons Ganymede and Callisto. Unlike Ganymede however,
Titan is not thought to have an iron-rich core. The nominal model is a silicate rich core, a highpressure ice layer, an ammonia rich ocean, and an ice I layer covered by a layer of unknown
materials likely to be a mixture of organics and ices (Brown et al., 2009). Water ice can take on
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at least 15 different crystalline forms depending on the temperature and pressure, as the
molecules are more densely packed at higher pressures. The various crystal forms are indicated
by Roman numerals, and vary from 0.92 g/cm3 for common ice (form I) up to 1.66 g/cm3 for ice
VII, near the triple point with ices VI and VIII (Pater et al., 2006). Titan is thought to be
differentiated, with a rock to ice ratio of 52:48. Above the silicate core are perhaps 4 types of
crystalline ice from ice VIII near the silicate core to ice I near the surface (Rothery 1999). The
ice is assumed to be volatile rich as implied by the composition and thickness of the atmosphere,
and it is therefore expected that other “ices” such as ammonia and methane exist deep in the
interior as well. It is thought icy satellites such as Titan garner great amounts of frozen, trapped,
and adsorbed gases due to forming at lower temperatures, farther from the sun (Beatty et al.,
1999).
Observations of surface features suggest geological activity, and a large and (perhaps)
continuous source for methane is required on Titan given the amounts of methane in the
atmosphere, the large amounts of organics detected on the surface, and the continual rate of
methane destruction in the upper atmosphere by photo dissociation. Since the Huygens probe
detected 36AR and its radiogenic isotope 40AR, this implies some exchange between the silicates
in the interior and the atmosphere (Waite et al., 2005).
Surface features have been detected which are suggestive of cryovolcanism (Lopes et al.,
2010). Due to Titan’s high atmospheric pressure, explosive eruptions could be inhibited, leading
to more viscous flow mechanisms; however, candidates for explosive cryovolcanoes have been
identified. There is no significant tidal heating on Titan, but radiogenic energy could supply
sufficient heating for a partial melting of the icy mantle and the resulting cryovolcanism
(Rothery 1999). Low-viscosity “magma” of water-ammonia without much pressure could gently
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dribble out and flow over the surface, then congeal to build wide, shallow-sloped shield
volcanoes. Pancake volcanoes, as seen on Venus, could form if “lava” is moderately viscous but
does not cool down very rapidly. Based on the gas contents of cryomagma, a rising column of
cryomagma encountering a pocket of methane could result in an explosive eruption, although, as
previously stated, atmospheric pressures would somewhat inhibit violent eruptions (Lorenz and
Mitton 2002).
8. Formation
The satellites of the giant planets are in many respects analogous to miniature planetary
systems, formed by accretion in a gas/dust disk surrounding the planet. Heat produced during
accretion from planetesimal impacting, differentiation of heavier elements toward the core, and
radioactive decay would have provided a warm start for a body of this size. During accretion,
the impact energy is converted into heat by shock heating, and the ejecta blanket helps spread
this heat to the nearby regions. Melted ice allows for desegregation of rocky materials, aiding
differentiation of heavier material towards the core. A proto atmosphere would be generated,
inhibiting heat radiation, and further increasing temperatures. Another theory speculates Titan
may have been formed by the slow assembly of hundreds of volatile-rich cold satellite embryos,
and would not have experienced sufficient heating for a well differentiated proto-core.
Subsequent radiogenic decay would have melted water ice, leading to a rapid segregation of
materials in the interior, with the dense silicates migrating toward the center forming a rock core
(Brown et al., 2009).
Although Titan is of similar size and density (suggesting similar compositions) to
Jupiter’s moons Ganymede and Callisto, it is theorized the generally lower temperatures in the
early Saturnian system compared with Jupiter explain why Titan has an atmosphere, while
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Ganymede and Callisto do not. Saturn, having less than one-third the mass of Jupiter, generated
less heat than Jupiter during formation. As Ganymede and Callisto most probably condensed at
temperatures higher than Titan would have, their gas content is less (Beatty et al., 1999).
B. RADAR REMOTE SENSING
Radar is an active form of remote sensing where distance is determined by the length of
time for a pulse of microwave energy to reach an object and be reflected back to the sensor. The
term radar was originally an acronym for radio detection and ranging, although microwave
frequencies, rather than radio, are primarily utilized in modern-day systems. Radar systems
consist of a pulse generator, a transmitter, a duplexer that coordinates when the energy is
transmitted and received, an antenna, a receiver, and a recording and processing system (Jensen
2007).
Radar illumination is orthogonal to the direction of spacecraft flight. The incidence angle
is the angle between the radar pulse of energy and nadir (Figure 4). For a given radar frequency
and incidence angle, rough surfaces will produce a diffuse backscatter and appear bright due to
the large amount of energy reflected back toward the antenna. Smooth surfaces will have little
backscatter and will appear dark, while an intermediate surface roughness will appear gray
(Jensen 2007). Larger incidence angles tend to better reveal surface topography (Elachi et al.,
2004).

This configuration leads to geometric distortions in radar imagery in the form of

foreshortening, layover, and shadowing. Terrain that has a slope inclined toward the radar will
appear compressed or foreshortened since higher objects are closer to the radar antenna and will
reflect radar energy sooner than if they were level (Radebaugh et al., 2007). "Layover" is an
extreme case of foreshortening where backscatter from an elevated target will reach the radar
antenna before the backscatter from the mountain base, causing significant displacement from
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the true position (Jensen 2007; Radebaugh et al., 2007). Deep valleys or steep terrain can cause
shadowing of the radar signal. Shadowed regions appear black, obscuring all features within the
shadow (Jensen 2007).
Radar backscatter is affected by local topography, surface roughness, and the dielectric
constant of the surface. Surfaces angled toward the radar beam will appear brighter, as will
rougher surfaces. The surface dielectric constant ε is the measure of the ability of a material to
conduct electrical energy, and directly affects how much radar is reflected back at the spacecraft.
The electric field of the microwave energy will displace the charge carriers within a dielectric
material, causing them to become polarized to compensate for the electric field. Dry terrestrial
surface materials such as soil, rock, and dry vegetation have dielectric constants from 3 to 8
(Jensen, 2007). Water content is the predominant mechanism limiting penetration through
materials on Earth due to the high dielectric constant of water, which is equal to 80.
The amount of theoretical reflection at a dielectric layer can be calculated by:
√
(

√ )

(17)

where ε is the dielectric constant of the material (Devine et al., 2000).
More change in reflected energy results for smaller values of dielectric constants (less than 5)
than for large. For liquid hydrocarbons with dielectric constants from 1.7 to 1.9, this results in
only a ~2% reflection at the dielectric layer.
For a given radar system, a larger antenna will result in increased resolution. Synthetic
aperture radar (SAR) electronically synthesizes a very long antenna by sending out a larger
number of beams than conventional radar, and by utilizing Doppler principles to monitor the
returns. In short, the direction of spacecraft flight becomes a synthesized antenna (Jensen 2007).
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The distance the SAR travelled while an object was in view is the length of the synthetic aperture
(GlobeSAR, 2012). A digital SAR image is created that consists of a matrix of pixels with the
brightness of each pixel proportional to the power of the microwave pulse reflected back from
the corresponding ground cell (Jensen 2007).
The penetration depth of radar into substances is affected by many factors including the
frequency, polarization, and incident angle of the radar beam. Characteristics of the terrain that
affect the penetration depth of radar include the surface roughness, porosity of the material, the
amount of moisture, the density of the material, and the material's complex dielectric constant.
The lower the frequency of the radar signal (longer the wavelength), the greater the penetration
depth into the surface.
1. Cassini’s Radar
The Cassini spacecraft carries a multimode Ku band (13.8 GHz, λ=2.17 cm) multiplebeam radar instrument that can operate as an altimeter, scatterometer, radiometer, and synthetic
aperture radar (SAR) imager, which shares the spacecraft's telecommunications antenna. Titan’s
atmosphere is transparent to the 13.8 GHz microwave signal, thus enabling surface features to be
studied without atmospheric distortion.
In the altimeter mode, surface elevation measurements are acquired when coupled with
knowledge of the spacecraft’s ephemeris. The central beam, which is 0.35o across, is pointed at
nadir and measurements of the elevation along the groundtrack are performed with a vertical
resolution of ~100 m, and a horizontal footprint of ~30 km (Lorenz et al., 2003). This mode is
typically utilized from 9000 km to 4000 km, or 30 to 16 minutes from closest approach to Titan
(Elachi et al., 2004).
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Figure 4. Depiction of the Cassini spacecraft's beam configuration and side pointing during
synthetic aperture radar (SAR) imaging. Radar illumination is at a right angle to the direction
the spacecraft is traveling, i.e. the spacecraft direction of travel is perpendicular to the page
(Elachi et al., 2004).

32

The scatterometer mode uses the radar instrument as a real aperture radar to produce lowresolution backscatter images across large areas of the surface. Using the central radar beam,
this mode measures the surface backscatter coefficient, σo (radar cross-section normalized to the
illuminated surface area), as a function of the incident angle (Elachi et al., 2004). To derive σo,
an effective area is defined that is equal to the size of the isotropic scatterer required to produce
the measured power, and the effective area is then divided by the imaged surface area (Hayes et
al., 2011).

The strength of the backscatter as a function of incidence angle is analyzed to

distinguish between different scattering mechanisms, and regional mean dielectric constants and
regional surface roughness can be determined. This mode is typically utilized from 22500 km to
9000 km, or 70 to 30 minutes from closest approach (Elachi et al., 2004).
The radiometric mode is a passive mode that produces thermal emission, or brightness
temperature maps of Titan surface. The resolution varies with altitude and is typically utilized
between 100,000 km (five hours away) and closest approach from Titan’s surface. Data can be
acquired during each of the active radar modes by acquiring between radar bursts, and one to
five beams may be utilized.
Due to the damaging effects Titan’s thick atmosphere would have on the spacecraft, the
altitude of closest approach seldom dips below ~1000 km from the surface. SAR swaths of Titan
begin approximately sixteen minutes prior to the closest approach at an altitude of ~4000 km,
and likewise end approximately sixteen minutes following closest approach. SAR swaths of
Titan’s surface are on the order of 6000 km long, 120 km in width at closest approach, and 500
km in width at the beginning and end due to the greater altitude of the spacecraft during
approach and retreat from Titan as it orbits Saturn. Each such a swath covers ~1.1% of Titan’s
surface. The width of the swath is created by combining five individually illuminated sub-

33

swaths, whose feeds share the 4 m telecommunications antenna (Elachi et al., 2004). Spatial
resolution of the swath images can be as high as 350 m (Paillou et al., 2008a), but is typically
closer to 1 km, and is comparable in resolution to the Mariner-9 optical images of Mars acquired
in the early 1970’s (Elachi et al., 2004; Elachi et al., 2006).
Although no direct altimetry measurements were obtained over the lakes region in Titan’s
north, Stiles et al. (2009) and Stiles et al. (2011) utilized a technique known as SARtopo, which
estimated surface topography from Cassini SAR data based on the apparent backscatter
differences from the overlap of antenna footprints between two of the five radar antenna feeds,
and knowledge of spacecraft pointing, ephemeris, antenna beam patterns, and the nominal 2575
km radius Titan reference sphere.
2. Synthetic Aperture Radar (SAR) Imaging of Titan’s Surface and Lakes
The extremely low radar backscatter from Titan’s lakes indicates that these areas have a
low dielectric constant and that they are very smooth at the 2.2 cm wavelength (Lopes et al.,
2007). The composition of terrain in Titan’s polar regions is expected to be a porous mixture of
water ice, tholins, and liquid hydrocarbons, with real dielectric constants of 3.13, 2.0-2.4, and
1.7-1.9, respectively (Hayes et al., 2011; Paillou et al., 2008b). These surface materials are
different from the rocky surfaces more usually imaged with radars on Earth and the inner planets.
Volume scattering at Titan may be significant (Elachi et al., 2005; Lopes et al., 2010).
Volume scattering occurs when the microwave energy is scattered multiple times within a
diffuse volume (Jensen 2007). Using Cassini radar scatterometer measurements, Wye et al.
(2007) determined regional mean dielectric constants between 1.9 and 3.6 on Titan. Dielectric
constants between 2 and 3 are expected for a surface composed of solid simple hydrocarbons,
water ice, or both. Higher dielectric constants near 4.5 may indicate the presence of water-
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ammonia ice and/or complex hydrocarbons.

Additionally, porous materials indicate lower

dielectric constants than solid materials; e.g. the bulk lunar dielectric constants range is from 2.8
to 3.1, although the rocky material forming the surface has a dielectric constant in the range from
6 to 9 (Wye, et al., 2007). While models describing SAR results for Titan’s lakes have proven
successful, modeling SAR returns for other regions without prominent geomorphologic
structures has proven more challenging. Geologic units will only be apparent if their backscatter
is sufficiently different from those of surrounding terrains. Vast undifferentiated plains that
make up ~61% of the total area of SAR swaths on Titan are relatively featureless, radar dark, and
appear to have low relief. They are interpreted to be composed of water ice, along with tholins
and hydrocarbons (Lopez et al., 2010). Ku band radar is calculated to penetrate through 4.73 m
of pure water ice (Paillou et al., 2008b); impurities and structural deformations would limit this
penetration. SAR is expected to penetrate only 0.5 m through tholins, and only 0.2 m through a
water ice / ammonia mixture (Paillou et al., 2006). Wye et al. (2007) suggest that models
indicate volume scattering may be significant, and the surface likely contains a layer of material
that is highly transparent at Ku-band.
Three classes of lakes have been identified on Titan: dark lakes, granular lakes, and
bright lakes. Deeper lakes appear dark in SAR images, suggesting a complete absorption and
reflection of microwave energy (Hayes et al., 2008; Paillou et al., 2008a). SAR analysis by
Hayes et al. (2008) indicates that granular (shallow) lakes are consistent with radiation
penetrating a liquid layer and interacting with the bottom, though varying liquid saturation levels
also cause radar darkening. Radar-bright depressions, morphologically similar to small lakes,
are interpreted as dry lakebeds 200-300 m deep (Hayes et al., 2008), and show volume scattering
effects (Figure 5). Geologic interpretations include the presence of porous surfaces, perhaps
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through dissolution, cracked evaporative deposits (Hayes et al., 2011; Mitchell et al., 2008), or
material with differing properties than the surroundings (Hayes et al., 2008). Radar analyses of
Hayes et al. (2008) indicate radar bright lake beds have similar roughness to their surroundings
with differing material properties.
Although Ku band energy may penetrate many tens of meters through pure hydrocarbon
liquids such as ethane or methane (Stofan et al. 2007), Titan’s lakes are likely a mix of methane,
ethane, and propane (Cordier et al., 2009; Brown et al., 2008). Experiments performed by
Paillou et al. (2008a) utilizing Ku band frequencies on liquefied natural gas (LNG), indicate
penetration through ~7 meters of liquid could be detectable by the radar instrument. Depths
beyond this limit would yield no return signal and appear black in SAR imagery. LNG is
composed of 90% methane, 5% nitrogen, and 5% other hydrocarbons (mainly ethane and
propane), and is likely a better analog of Titan’s lakes than pure methane. Suspended or floating
sediment would affect radar signals as well.

Some of Titan’s lakes have increased radar

brightness near the edges and this may be due to a reflection from the lake bottom where it is
sufficiently shallow that the bottom echo is not completely attenuated. Bright patches observed
near lake edges could be small ‘islets’ protruding above the surface (Stofan et al., 2007). Hayes
et al. (2010) indicates that the average radar backscatter of Ontario Lacus, in Titan’s south polar
region, is observed to decrease exponentially with distance from the shoreline, which is
consistent with attenuation through a deepening layer of liquid.
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Figure 5. The yellow arrow indicates a deep (dark) lake. The white arrow indicates a shallow
(granular) lake. The red arrow indicates an empty (bright) lake. Image from Cassini’s synthetic
aperture radar (SAR), swath T29 (225 W, 70 N), acquired April 26, 2010.
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3. Space-Borne Radar in the Exploration of the Solar System
Radar use onboard spacecraft to reveal surface features has been extremely successful in
the exploration of Venus, whose surface is inaccessible to remote sensing at visible wavelengths
due to the thick atmosphere. Additionally, low frequency surface penetrating radar sounding
instrumentation onboard Mars orbiting spacecraft have revealed the distribution of subsurface
rock, soil, and ice.
The Pioneer Venus orbiter, one of two spacecraft in the mission, arrived at Venus on
December 4, 1978. The orbiter spacecraft contained a suite of scientific instrumentation to study
the atmosphere and surface of Venus, while the multiprobe spacecraft carried 4 probes that were
deployed into the harsh venusian environment. The orbiter carried a radar mapper that was able
to penetrate through the thick atmosphere. It utilized a 17 cm wavelength and operated in two
modes: altimetry and imaging. The surface resolution was better than 150 km, and the vertical
measurement accuracy exceeded 200 m. Altimetry and surface properties maps were produced
for the majority of Venus’ surface, excluding the polar regions, and revealed a myriad of
complex surface features (Pettengill et al., 1980; Masurskyet al., 1980).
The twin Soviet Venera 15 and Venera 16 spacecraft began acquiring synthetic aperture
radar images of the surface of Venus in November, 1983. The SAR instrument had a resolution
of 1 to 3 km, and operated at a wavelength of 8 cm. The two spacecraft mapped the surface of
Venus north of about 30o N and identified many geological units, including patchy rolling plains,
dome-and-bute plains, ridges and grooves, and ring like features (Bindschadler and Head 1988).
Flow-like features were observed, as well as evidence of what were thought to be tectonic
features. Early papers utilizing the Venera radar data identified many circular impact structures
that have long since been redefined as being of volcanic origin.
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The Magellan spacecraft was placed into orbit around Venus in August 1990. The
mission of the spacecraft was to map the surface of Venus using synthetic aperture radar
operating at a wavelength of 12.6 cm, with a resolution between 120 and 300 meters depending
on the altitude (Saunders et al., 1990; Penttengill et al., 1991). The mission mapped more than
98% of Venus’ surface, and discovered hundreds of thousands of volcanoes covering 85% of the
surface. Although most of Venus was found to have radar properties typical of anhydrous rocks,
such as dry basalt, at higher elevations the presence of semiconducting material with a high
dielectric constant of ~100 was found. Analysis by Schaefer and Fegley (2004) indicate that a
“heavy metal frost” of lead and bismuth are likely candidates for the conditions found at these
higher altitudes on Venus. The constituents are produced by volcanic outgasing, and only
condense at the cooler venusian highlands. The Magellan mission also collected gravity data by
correlating altimeter and spacecraft orbit data, and found that unlike much of Earth, the
topography and gravity anomalies correlated extremely well, i.e. highlands had corresponding
higher gravity, and lower topographic areas showed lower gravity. The largest gravity anomalies
were located at the highlands of Beta Regio and Atla Regio (Figure 6), where large volcanoes are
thought to be upwelling material from the mantle (Magellan Venus 2012). Unlike Earth, many
major features on Venus have a large ratio of gravity anomaly to topographic relief, indicating
that topographic variations are compensated by interior density variations at depths of up to
several hundred kilometers. This can mean that Venus lacks an upper-mantle low-viscosity
zone, so convective motions deep in the upper mantle area couple into the overlying lithosphere
causing vertical distortions of the surface.

On Earth the low viscosity zone beneath the

lithosphere does not transmit stresses from the bulk of the mantle underneath (Solomon, 1993).
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The Mars Express spacecraft arrived at Mars in December 2003. The spacecraft carries
the Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) instrument. This
is a low frequency (0.1-5.5 MHz) nadir-looking radar and altimeter with ground penetration
capabilities of up to 5 km, depending on the surface and subsurface characteristics. The primary
objective of MARSIS is to map the distribution and depth of subsurface water, ice, and
subsurface properties. MARSIS utilizes a 40 m long dipole antenna, which is necessary due to
the long wavelengths needed for deep penetration. The radar signals are reflected from any
surface or subsurface interfaces encountered, with a fraction of the low frequency signal
continuing through the subsurface.

The time delay between signals allows for depth

measurements (Picardi et al., 2004; ESA Mars Express, 2012). Utilizing data from several
instruments, including MARSIS, Zuber et al. (2007) estimated the density of the south polar
layered deposits to be 1220 kg/m2, and indicate this could be explained as a mixture of water ice
with a 15% silicate dust content. Plaut et al. (2007) analyzed MARSIS data from the south polar
layered deposits that probed more than 3.7 km. Their analysis indicates a reflection that is
consistent with an interface between the deposits and the substrate, and the reflected power from
this interface indicates the composition of the deposits is nearly pure water ice. Thickness maps
were also generated that show an asymmetric distribution of deposits and regions of anomalous
thickness. The total volume is estimated to be 1.6 × 106 km3, which is equal to a global water
layer eleven meters thick.
The Mars Reconnaissance Orbiter (MRO) spacecraft arrived at Mars in March 2006, and
carries the Shallow Radar (SHAROD) instrument, which complements MARSIS, and has the
mission to map the dielectric interfaces to at least several hundred meters depth in the subsurface
and to interpret these results in terms of the occurrence and distribution of expected materials,

40

including competent rock, soil, water, and ice. The instrument utilizes a 10 m dipole antenna and
operates in the frequency range of 15 – 20 MHz. The vertical resolution is 15 m, with 3-6 km
cross-track, and 0.3-1 km along-track (Seu et al., 2007; JPL Mars Reconnaissance Orbiter,
2012). SHARAD data have provided evidence that lobate debris aprons in the Deuteronis
Mensae region of the mid-northern latitudes consist mostly of ice. The aprons are hundreds of
meters thick that extend up to several tens of km from high relief slopes and terminate in lobate
fronts. The SHARAD instrument has also detected subsurface reflections in the Promethei
Lingula region of the south polar layered deposits and it has been determined that most of the
layers extend throughout the region and that they decrease in elevation toward the margins of the
layered deposits. The subsurface radar profiles across Amazonis Planitia reveal a subsurface
dielectric interface that increases in depth toward the north, and likely marks the boundary
between sedimentary material of the Vasitas Borealis Formation and underlying Hesperian
volcanic plains. Observations taken over the Gemina Lingula region of the north polar layered
deposits area show a drop of the dielectric constant that could be explained by an abrupt 250 m
uplift of the base. The ice of the studied region indicates a purity of ~95% (Seu 2010).
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Figure 6. The Magellan Mission’s synthetic aperture radar (SAR) operated at a wavelength of
12.6 cm and was able to penetrate Venus’s thick atmosphere. This image from the Atla region
shows several volcanic features, surface fractures, lava flows in flower shaped patterns, and
linear valleys. The image is ~350 km across, centered at 9 degrees south latitude, 199 degrees
east longitude (Photojournal, JPL, NASA, 2012b).
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C. TITAN'S HYDROLOGY
As with bodies of water on Earth, Titan's lake levels will be affected by the hydrologic
cycle: a combination of precipitation, surface runoff, infiltration into regolith, recharge of
aquifers, subsurface flows, and evaporation - all presumably powered by the ~15 W m-2 Titan
receives from the Sun.

A systems model approach allows systematic contributions of the

subsystems involved (Figure 7). Topographic information, surface morphology, and distribution
and character of lake-like features affect surface runoff. Watersheds can be determined with
knowledge of surface topography and morphology.

The extent and spatial distribution of

regional lake level change provides key insights on the seasonal affects of hydrological
subsystem parameters.
This research applies to the evaporation, precipitation and overland flow of the
hydrologic model. The experiments performed within the Titan simulation chamber study the
evaporation rates from the lakes and surface. Experiments are planned for the future to study the
effects that layers of regolith on top of liquid methane and ethane have on the evaporation rates.
The combined effects of evaporation, precipitation, and overland flow are studied in the chapters
on a GIS approach to monitoring Titan's northern lakes for change, and a geological
characterization of Ligeia Mare in the north polar region of Titan. As liquid methane and ethane
readily soak into water ice (Sotin et al., 2009), lake levels are not just affected by precipitation,
evaporation, and overland flow - local geology affects lake levels as well. The direct effects of
infiltration, recharge, subsurface flow, and ground flow are outside the scope of this research, but
must be considered when interpretations of landscape forming processes and the associated
regional lake levels are presented.
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Figure 7. Systems affecting lake levels on Titan. P = Precipitation, E = Evaporation, I =
Infiltration, Rg = Recharge, Ro = Overland Flow, Qs = Subsurface Flow, Qg = Ground Flow
(Serrano 1997).
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D. QUESTIONS ADDRESSED BY THIS STUDY
1. Science Questions
The principal research questions addressed in this dissertation are as follows:
1) What are the evaporation rates of liquid methane, ethane, and mixtures thereof under
Titan conditions?
2) What are the infrared (IR) spectra (1-2.2 µm) of Titan-relevant liquids and ices under
Titan conditions?
3) Given that Titan has an active hydrological cycle, is there evidence for change in the
lakes and seas located in Titan's north polar region from the Cassini spacecraft's synthetic
aperture radar (SAR) data?
4) What are the principle geological components of the terrain surrounding the large sea
Ligeia Mare in Titan's north polar region?
5) What are the principal landscape forming processes surrounding Ligeia Mare?
2. Engineering Questions
The principal engineering questions addressed in this dissertation are as follows:
1) Can a chamber, which simulated conditions on Mars, be adapted to simulate the extreme
conditions on Titan without losing the ability to easily resume Mars testing?
2) Can the narrow cryogenic temperature range needed to simulate Titan (90-94 K) be
reached and controlled?
3) How will liquid methane and other Titan-relevant volatiles, i.e. cryogenic liquids and
ices, be safely inserted into the Andromeda chamber and be used for experimentation?
4) What mechanisms will control and maintain Titan's atmospheric pressure within the
chamber?
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5) How will the instrumentation needed for data acquisition and control (DACS) be
implemented?
E. OUTLINE OF CHAPTERS


Chapter II details the development of the facility for simulating Titan's environment
and the laboratory experiments subsequently performed.



Chapter III explains the search for change in Titan’s northern lakes region utilizing
Geographic Information Systems (GIS) to analyze Cassini SAR images.



Chapter IV is a geological characterization of Ligeia Mare and the surrounding terrain
in the northern polar region of Titan. Synthetic aperture radar (SAR) images were
mosaicked and subsequently interpreted so as to identify the principle components of
the surrounding terrain, and interpretations of the associated landscape forming
processes are presented.



Chapter V contains the conclusions of this research.
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II. A FACILITY FOR SIMULATING TITAN’S ENVIRONMENT
In this chapter the development of a facility for simulating Titan’s environment is
described, along with the initial experiments.
A. ABSTRACT
As a result of measurements acquired by the Cassini-Huygens mission of Titan’s near
surface atmospheric composition and temperature, Titan conditions can now be simulated in the
laboratory and samples can subsequently be subjected to those conditions. Titan demonstrates an
active hydrological-like cycle with its thick atmosphere, dynamic clouds, polar lakes of methane
and ethane, moist regolith, and extensive fluvial erosive features.

Unlike Earth, Titan’s

hydrological-like cycle likely involves several constituents, primarily methane and ethane. Here
the properties of a new Titan simulation facility are presented, including conceptual
methodology, design, implementation, and performance results. The chamber allows for Titan
temperatures of 90 K to 94 K and 1.5 bar pressure, and the sample cryogenic liquids undergoing
experimentation are condensed within the chamber itself.

During the experiments the

evaporation rates of the sample liquids are directly determined by continually measuring mass.
Constituents are analyzed utilizing a Fourier transform infrared spectroscopy spectrometer
(FTIR), and vapor concentrations are determined using a gas chromatograph fitted with a flame
ionization detector (FID).

All pertinent data is logged via computer.

Under laboratory

conditions, the direct measurements of the evaporation rates of methane, ethane, and mixtures
thereof can be achieved. Among the processes to be studied are the effects of regolith on
transport from the subsurface to the atmosphere, the freezing point depression effects of
dissolved nitrogen, and the solubility of various relevant organic compounds.
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B. INTRODUCTION
Titan’s atmosphere near the surface consists of nearly 95% nitrogen, 4.9% methane, and a
multitude of trace species (Niemann et al., 2005). Unlike Earth's hydrologic cycle, which
consists of one constituent, Titan's cycle likely involves several constituents such as methane,
ethane, and propane (Niemann et al., 2005; Brown et al., 2008; Cordier et al., 2009). The
Huygens probe measured a rapid increase of the methane signal subsequent to landing,
suggesting a moist surface warmed by the probe (Niemann et al., 2005; Lorenz, 2006). The
evidence for surface liquid is abundant, from morphological features identified as fluvial
channels draining into lakes (Lorenz et al., 2008), to a specular reflection from the large sea
known as Kraken Mare (Stephan et al., 2010). Spectra obtained by the Cassini Visual and
Infrared Mapping Spectrometer (VIMS) instrument argue for the presence of liquid ethane as a
constituent of Ontario Lacus, the major lake in the south polar region (Brown et. al., 2008).
Moreover, the response of lacustrine features to the frequency of the Cassini radar instrument is
consistent with that of liquids (Hayes et al., 2008). Titan's surface pressure is determined to be
~1.5 bar, and the temperature near the equator was measured to be ~94 K by the Huygens probe
(Fulchignoni et al., 2005), while temperatures at the poles are thought to approach 90 K
(Jennings et al., 2009). The variability of lake formation and evaporation is thought to be
seasonally dependent during Saturn’s 29.5 year period around the Sun. Evidence for transient
surface liquids has been detected near the southern pole from suspected ponding from possible
rain events (Turtle et al., 2009). Furthermore, shoreline change has been detected in Ontario
Lacus in the south polar region (Wall et al., 2010; Hayes et al., 2011; Turtle et al., 2011),
however, SAR imagery of the north polar region taken from July 2006 to December 2009 shows
no discernible change in northern shoreline features, in line with predictions that precipitation
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and evaporation during winter would be minimal (Mitchell, 2008). Other explanations may
include equilibrium of precipitation/evaporation rates, or subsurface aquifers.
The primary goal of the research performed utilizing the simulation chamber described in this
paper is to experimentally determine the short-and-long-term stability of organic volatiles at the
surface and in the subsurface of Titan.
The specific goals of the research utilizing this chamber are:
•

Measure the evaporation rates of liquid methane, ethane, & mixtures thereof

•

Investigate the effects of regolith on the transport of these substances from the subsurface
to the atmosphere

•

Determine the formation processes of hydrocarbon liquids; i.e. the freezing point
depression effects of dissolved nitrogen

•

Obtain the infrared (IR) spectra (1.0 - 2.6 µm) of liquids and ices relevant to Titan, and
under Titan conditions of 91-94 K and 1.5 bar

•

Determine the solubility of relevant organic compounds
To these ends, a facility was developed capable of simulating the surface and atmospheric

conditions of Titan. The concept of operation for the evaporation experiments is straightforward:
determine the evaporation rates by continually weighing the samples as they evaporate while
monitoring the atmospheric concentrations (Figure 1).
The thermodynamic stability diagram of methane (CH4) and ethane (C2H6) is shown in
Figure 2, with the dashed lines indicating 1.5 bar and 95 K.
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Figure 1. System schematic: The liquid sample is continuously weighed during evaporation.
The concentration of the evaporated sample within the chamber is determined utilizing a gas
chromatograph (GC).
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Figure 2. Thermodynamic stability diagram of methane (CH4) and ethane (C2H6). The symbols
are experimental data (Lide, 2005), and the lines are empirical fit equations (CHERIC, 2008).
The grey area indicates the range of temperature (~90 to 110 K) to be experimentally
investigated. The dashed black lines indicate 1.5 bar and 95 K.
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Safety issues of potentially explosive mixtures are addressed through the design of the
system and by operator protocol. A simulated Titan atmosphere is achieved within the chamber
by thoroughly purging then filling with N2 to 1.5 bar. This removes any O2 from within the
chamber. Additionally, the flammability limits for methane and ethane within the chamber
volume are never achieved, falling short when utilizing a nominal 20 ml liquid sample (Frederick
and Stewart, 1996). This ensures the exhaust gas from the chamber is below the flammability
limits as well. Following an experiment, the chamber exhaust valve is slowly opened to a fandriven exhaust duct, which safely expels the pressurized gas mixture to the outdoors. The
chamber exhaust valve remains open to the fan-driven exhaust duct as the chamber slowly
warms to room temperature.
C. METHODS
1. Andromeda Simulation Chamber
The Andromeda chamber (Figure 3) has a prominent heritage for simulating the surface of
Mars, resulting in twelve published papers from 2005-2012.

Sears and Chittenden (2005)

determined the temperature dependence of the evaporation rate of brine under simulated martian
conditions at temperatures from 0o C to -26.0o C. Chevrier et al. (2007) utilized the Andromeda
chamber to determine the sublimation rate of ice under layers of mock regolith, and determined a
1 m thick layer of ice buried below a meter of regolith resembling JSC Mars-1 on Mars at 235 K
would last ~800 years. Chevrier et al. (2008) conducted experiments to study the sublimation of
ice and water vapor transport through various thicknesses of clay, and experimentally
demonstrated that both adsorption and diffusion strongly affect the transport of water, and that
the processes of diffusion and adsorption can be separately quantified once the system comes to
steady state. Using the Andromeda chamber, Blackburn et al. (2010) experimentally measured
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the sublimation rate of pure CO2 ice under simulated martian conditions, and developed a model
based on the experimental results. Additionally, they confirmed their model by comparison with
images from the Mars Global Surveyor - Mars Orbiter Camera (MGS-MOC) and Mars
Reconnaissance Orbiter – High Resolution Imaging Science Experiment (MRO-HiRISE)
missions. Hanley et al. (2012) utilized the Andromeda chamber to simulated conditions found
by the Wet Chemistry Lab (WCL) onboard the Phoenix Lander. The evaporation experiments
allowed for the construction of solubility diagrams and to determine the Pitzer parameters for
numerous chlorate salts that are possible constituents at the Phoenix landing site.
The chamber is a stainless steel upright cylinder with an internal diameter of 61 cm and a
height of 208 cm. Access into the chamber is through a hoist-operated lid. A 10 cm outlet at the
bottom of the chamber is connected to a vacuum pump, and the chamber is cooled utilizing a
chiller that operates by flowing cooled methanol through 52 meters of 1.27 cm (½ in) copper
tubing surrounding the chamber. The chamber is wrapped in ~20 cm of fiberglass insulation and
is encased in an aluminum cabinet 122 cm by 122 cm by 244 cm (Sears and Moore, 2005). The
chamber as described above can be cooled to ~ 248 K, which is suitable for simulating Mars.
The enhancements required to simulate Titan are described below.
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Figure 3. Andromeda simulation chamber is 61 cm in diameter and 208 cm in height. The
mezzanine allows access to lid.
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Figure 4. Titan Module being lowered into the Andromeda chamber. Balance indicated by
arrow. Gas, liquid nitrogen, and electrical connections are attached to feed-throughs located
within the lid.
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2. Titan Module (TM)
The Titan simulation facility incorporates a modular/removable design, thus providing the
ability to simulate Titan while preserving the ability to simulate Mars. Configuring the chamber
for Mars testing takes about one day and reconfiguring back for Titan experiments takes two to
three days. The experiments are performed within the Titan Module (TM), a steel housing that is
placed within the Andromeda chamber via a hoist, along with ancillary tubing and electrical
connections (Figure 4). The lower portion of the module is a cylindrical container with a
diameter of 53 cm and a height of 53 cm. Contained within this housing is a galvanized steel
Temperature Control Box (TCB) with a diameter of 36 cm and a height of 38 cm (Figure 5). It
rests on a small platform within the module and is entirely surrounded by fiberglass insulation.
The TCB is surrounded by 15 m of 0.95 cm (3/8") 318L stainless steel coiled tubing through
which liquid nitrogen is flown. The inside of the TCB is also insulated to allow a quick response
of temperature control utilizing a Watlow® EZ-Zone PM temperature controller with a type T
thermocouple and a 120 V, 275 W flexible cable heater. Residing within the TCB is a Friedrichs
style 304 stainless steel condenser (Sentry TSF-4225 sample cooler), which is 9 cm in diameter
and 28 cm in height, and utilizes 316/316L SS 0.635 cm (¼ in) single helical coil tubing (Figure
6). By regulating the flow of liquid nitrogen in the condenser coils and the amount of sample gas
in the condenser, variable amounts of liquid methane or other sample are condensed. This
simple yet effective configuration yields a well controlled mass of liquid sample.
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Figure 5. Temperature Control Box (TCB). Liquid nitrogen flows through coiled tubing. The
arrow indicates the top of the condenser.
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Figure 6. Stainless steel condenser is 28 cm in height, 9 cm in width (left). Shell removed to
show condenser coils (right). Thermocouples within the condenser monitor liquid formation.

63

Upon condensation and just prior to opening the solenoid valve, the pressure in the
condenser is increased above that in the chamber. The sample liquid is then released into the
sample pan utilizing a Valcor® SV97 24 V solenoid valve operated by a DC power supply. The
sample is continuously weighed with a Sartorius® GE812 precision balance. The release of the
sample from the condenser into the sample pan is monitored and recorded via a webcam
illuminated with a 40 W appliance light bulb. The bulb is powered on just prior to utilizing the
webcam to minimize heating.
At the instant the sample gas enters the condenser it can be approximated as an ideal gas,
and as such the mass of the gas can be determined by utilizing:
(1)
where m, P, V, M, R, and T are the mass, pressure, volume, molar mass, universal gas constant,
and temperature, respectively. Upon condensation, the mass of the saturated liquid and mass of
the vapor are estimated by evaluating the quality x of the mixture:
(2)
Braided lines connect the pan to the balance above, and the sample is continuously weighed
while the liquid evaporates, thus determining the evaporation rate under the simulated
conditions. Although the sample pan is located within the TCB, the balance sits on a platform
above the module's enclosure to prevent exposure to cryogenic temperatures. Additionally, the
balance is kept within its operating temperature range by an automated temperature control
system. The heater powers for the TCB as well as the balance (without the qv/tv term), are
governed by the following equation:

64

[

][ ]

(3)

where qa is the heat absorbed by material; qv is the latent heat of vaporization; t is the time; tv the
time to vaporize the sample; QL the rate of heat losses; and sf is the safety factor.
The heat absorbed is estimated using:
(4)
where m, Cp, and ∆T are the mass, specific heat, and temperature change, respectively.
The latent heat of vaporization is estimated by:
(5)
where L is the specific latent heat.
Heat losses are estimated using:
(6)
where k, A, and dT/dx are the thermal conductivity, area, and temperature gradient, respectively.
The energy balance for the Titan module is:
(7)
where M is the mass of the module; C is the specific heat; T is the TCB temperature; Qg is the
heat dissipation rate of the sample gas in the condenser; Qh the heat generated by the temperature
regulating heaters; Qp the heat input from the N2 gas source; Ql the heat input from the ambient
through the insulation, leakage, and instrumentation etc; QT is the heat pumped out by flowing
liquid nitrogen through the TCB coils; Qc is the heat absorbed by the liquid nitrogen in the
condenser; Qs is the latent heat absorbed by the evaporating sample.
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A Hewlett Packard® 5890 Series II gas chromatograph fitted with a flame ionization
detector is utilized to determine the sample gas concentrations at various locations within the
chamber. The IR spectra of liquid and ice samples are also obtained using a Nicolet® 6700 FTIR
spectrometer operating from 1 to 2.6 µm, with a spectral sampling of 1 cm-1 (equipped with a
TEC InGaAS® 2.6 µm detector and a CaF2 beam-splitter) and connected to a fiber optic probe
located just above the sample pan.

The bottom of the pan is covered by Spectralon®, a

fluoropolymer that has its highest diffuse (lambertian) performance within the infrared portion of
the spectrum, which functions as the “background” for the IR measurements in the sample pan.
Prior to releasing the sample into the sample pan, a background spectrum is acquired under
Titan’s temperature and pressure. This background is automatically subtracted from the sample
spectra subsequently acquired.
3. Data Acquisition and Control System
To maintain the modular concept of the Titan facility, the data acquisition and control
system (DACS) is a combination of the original Andromeda system coupled with the additional
Titan capabilities. The computer interface for the balance and pressure sensor, along with the
thermocouples attached to the Andromeda chamber, is part of the original system and data is
acquired with LabView® software (Figure 7). In the TM, temperatures are monitored via an
Omega® TC-08 eight channel USB data acquisition module utilizing type K thermocouples. The
Watlow® EZ-Zone PM temperature controller is operated by Specview software. All data is
continuously collected by a computer and subsequently analyzed utilizing Excel® and Matlab®.
The infrared spectra are acquired using OMNIC® software and then processed using IDL®.
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Figure 7. Schematic of the data acquisition and control system (DACS).
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The solenoid valve and all liquid nitrogen and gas inputs are operated manually. The
chamber pressure is maintained at 1.5 bar utilizing a standard N2 gas input regulator and a
Straval® RVi-20 low-pressure adjustable relief valve.
4. Bench Tests Performed During System Development
Proof of concept bench tests were a quick and economical way to ensure the functionality of
subsystems prior to their integration into the Andromeda chamber, and were performed
throughout the development of the Titan Module (TM) and its associated components.
a. Bench Test 1 - Characterizing the Cooling Capabilities of 0.635 cm Diameter Steel
Tubing
Bench test number one consisted of two tests that were run back-to-back: The first
determined whether liquid nitrogen would flow though the entire length of ~1 m of 0.635 cm
(1/4 in) insulated coiled steel tubing without undergoing a phase change to the gaseous state.
The results were subsequently utilized when deciding upon a condenser design. The test showed
that liquid nitrogen easily flowed through our test coil, with the temperature at the end of the
tube indicating 81 K. Based on these results, a Sentry TSF Sample Cooler (Figure 3D), with its
0.635 cm diameter tubing, was chosen as a suitable condenser. This commercially available
cooler is designed to extract high temperature liquid samples from a boiler through the coiled
tubing, with water flowing through the shell to cool the sample for safe extraction. A baffle was
incorporated within the shell of the cooler to disperse the water over the coil. By drilling through
the baffle, flowing liquid nitrogen through the coil, and introducing the methane vapor (or other
sample gas) into the shell, the device was transformed into a Friedrichs style condenser.
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The second test determined the feasibility of utilizing increased pressure to raise the
temperature of liquid nitrogen from its nominal 77 K at 1 bar, to within the temperature range of
liquid methane, which is 91–111K at 1 bar. The ability to raise the temperature of liquid
nitrogen may prove useful in the future to improve condenser performance, i.e., to avoid icing of
methane on the condenser coils.

This test was conducted using a liquid nitrogen dewar

configured with a pressure builder, while a Generant CVR-250B-K-70 pressure relief valve set to
5.83 bar (70 psi) was fitted at the output of the tubing. The test results showed the temperature at
the end of the tubing when using the pressure builder and relief valve was 99 K, vs. 81 K
without.
b. Bench Test 2 - Condenser and Solenoid Valve Performance
The goal of this test was to determine the performance characteristics of the condenser and
solenoid valve system, i.e., how readily the liquid sample would condense and subsequently be
released into a beaker located on a balance. Argon was chosen in lieu of methane due to its nonflammability and similar condensation temperatures. To reach the desired temperatures, liquid
nitrogen was poured into a funnel attached to the condenser coils as well as into a small
polystyrene bucket surrounding the condenser, with the solenoid valve protruding from a hole in
the bottom of the bucket. A small pump was utilized to aid the flow of liquid nitrogen through
the condenser coils. Pressure within the condenser was monitored throughout the test, and six
type K thermocouples were used to monitor temperatures.
The experiment was a success as argon was readily condensed and several ~10 – 30 ml (14
– 42 g) samples of liquid argon were released into the beaker, and then continuously weighed on
the balance during evaporation.
c. Bench Test 3 - Temperature Control Box (TCB) Cooling Performance
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This bench test was designed to determine the cooling ability of the TCB within the
insulated TM. This procedure simply involved flowing liquid nitrogen through the 15 m of 0.95
cm (3/8") 318L stainless steel coiled tubing surrounding the TCB and measuring temperatures
over time. Once again, for simplicity and economy, this bench test was performed without the
benefit of a pressurized liquid nitrogen dewar. Approximately 20 liters of liquid nitrogen was
available and subsequently poured into a funnel attached to the TCB tubing. The apparatus was
fitted with 6 type K thermocouples, and Titan temperatures were being approached after 35
minutes. This data assisted in estimating the time required to reach Titan conditions in further
experiments.
d. Bench Test 4 - Titan Module (TM) Functional Test
Here the full integrated operability of the condenser unit within the TCB, and the TCB
within the TM was characterized. This was essentially a combination of the methods described
in bench tests 2 and 3 above. To prevent water vapor condensation within the TM, the system
was thoroughly purged with nitrogen. Thermocouples located within the condenser directly
measured the temperature of the liquid argon at ~87 K. Two samples of liquid argon (~13 g and
~ 23 g) were successfully released into a beaker within the TM, and all events were monitored
via video cameras. The TM was now ready for integration within the Andromeda chamber.
e. Bench Test 5 - Characterize the Performance of the Automated Temperature Control
System
These tests determined the heating capability and response time of the automated
temperature control system, which consists of a Watlow® EZ-Zone PM temperature controller
operated by Specview software. A metal ~16 x 18 cm canister insulated with ~6 mm fiberglass
padding was utilized for this test. Steel pipe fittings were placed within the canister to simulate
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the mass of the condenser. The temperature input to the controller was provided by a type T
thermocouple located ~3 cm above the bottom of the canister, and a 120 V, 275 W flexible cable
heater coil, placed on the opposite side of the pipe fittings from the thermocouple, provided the
heat. The canister was placed within an insulated enclosure into which liquid nitrogen was
poured. Various temperature set-points were established and the system response was recorded
(Figure 8). The temperature of the system was controlled adequately and the temperature
overshoot during heating was minimal for small temperature adjustments.

Adjusting the

controller to reduce overshoot would result in a longer response time for the system to reach a
new temperature set-point.
D. RESULTS
Evaporation measurements were performed for both open and closed systems, with the gas
chromatograph indicating the atmospheric gas concentrations. In an open system, fresh N2 is
allowed to continuously flow through the chamber, which results in a relative humidity of 1525% for methane. Figure 9 shows the mass change for 6 g of liquid methane evaporating into an
open system over 25 minutes, which is equivalent to ~1.9 mm hr-1 for the 15 cm diameter sample
collection pan. Analysis by Luspay-Kuti et al. (submitted for publication) has determined that
this is equivalent to ~3 m/year when corrected for Titan's gravity.
Methane, which is thought to be the dominant constituent in Titan’s hydrologic cycle
(Stofan et al., 2007), is characterized by several absorption bands centered at 1.16, 1.33, 1.41,
1.66, 1.72, 1.79, and 1.85 µm in the infrared range allowed by our Nicolet® 6700 FTIR
Spectrometer (Clark et al., 2009). The depth of each methane absorption band is computed to
quantify the relative abundance of the methane in the sample pan. The absorption band depths
are calculated from the spectra using the band depth method of Massé et al. (2008) for each
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measured spectrum, in order to provide the temporal evolution of the liquid methane as it
evaporates. Figure 10 shows the measured IR spectra acquired between 1.0 and 2.2 µm for liquid
methane at a temperature of 93 K and pressure of 1.5 bar. Figures 11 and 12 represent a test run
for FTIR measurement consistency during which 6 g of liquid methane was dispensed into the
sample pan and the temperature was allowed to increase from 100 to 140 K to accelerate the
evaporation. All absorption bands decreased over time until reaching nearly zero, indicating the
disappearance of methane within the sample pan.
The ability of the TM to synthesize solids that are expected on Titan’s surface, such as
acetylene (Dubouloz et al., 1989; Lavvas et al., 2008a, b), was also tested. Figure 13 shows an
acetylene slurry released into the sample pan during a test at 1 bar and ~189 K. For safety
reasons, industrial grade acetylene was utilized, which contains acetone as a stabilizer. The
sample was subsequently frozen and the IR spectra were measured over a range of temperatures
down to 150 K. The methodology developed to successfully condense and release the acetylene
slurry into the sample pan will form the baseline for the future study of Titan relevant ices, to
include mixtures with liquids, and thus test the solubility of specific organic compounds in liquid
methane, ethane, and mixtures thereof.
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Figure 8. Bench test #5. Performance characteristics of the automated temperature control
system. The dashed line is the set point temperature; the solid line is the atmospheric
temperature read by a Type “T” thermocouple located ~3 cm above the bottom of the canister.
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Figure 9. Liquid methane mass loss (top). The temperature is measured ~2 cm above the sample
pan (bottom panel). The evaporation rate is calculated over a period of 25 minutes.
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Figure 10. IR spectra of liquid methane acquired at 93 K and 1.5 bar.
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Figure 11. Time series of liquid methane spectra acquired at temperatures increasing from 100
to 140 K to accelerate the evaporation. At the end of the test run the liquid methane has nearly
all evaporated as indicated by the flattening of the spectra and the decrease of the band depth
values. This disappearance is also clearly visible in Figure 3E.
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Figure 12. Band depths for each of the liquid methane absorption bands. At the end of the test
run the liquid methane is nearly disappeared.
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Figure 13. Acetylene slurry (black arrow) released into the sample pan from the solenoid valve
(yellow arrow). The red arrow indicates the fiber optic probe alongside the output of the
solenoid valve. The sample was subsequently frozen and IR spectra were taken over a range of
temperatures.
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E. CONCLUSION AND FUTURE WORK
The facility we designed meets the goals of condensing liquid hydrocarbons at Titan
relevant temperatures, continually measuring mass as the hydrocarbons evaporate, determining
the sample gas concentrations via a gas chromatograph, and performing in situ infrared
investigations of Titan relevant liquids and ices.
Future work includes:


Determining the evaporation rates of ethane and mixtures of methane/ethane under
Titan's surface temperature and pressure



Determining the evaporations rates of methane, ethane and mixtures thereof under
varying levels of relative humidity



Determining the effect of icy regolith and tholins on the evaporation rates of these
liquids



Investigating the freezing point depression effects of dissolved nitrogen in methane,
ethane, and mixtures



Cataloging the IR spectra of Titan liquids and ices



Developing numerical models pertinent to our experimental data, allowing us to
extrapolate the results to various sets of conditions on Titan
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APPENDIX A.
A1. Temperature Control Box (TCB) Wiring

Figure 1. Thermocouple wiring on lid of Temperature Control Box (TCB). Yellow terminal
board is type “K”, blue is type “T”. Thermocouples are placed in key locations to monitor the
condensation of the liquid methane/ethane/acetylene sample, as well as the subsequent
evaporation/sublimation, while maintaining Titan’s atmospheric temperature. All temperature
data is continually fed into a computer. Instrumentation of the equipment was a project unto
itself.
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A2. Bench Tests

Figure 2. Bench Test 2 was the first test of the condenser, solenoid valve, and sample pan
concept. Argon was utilized rather than methane for safety reasons. Top of the image shows
funnels where liquid nitrogen was poured into the condenser and Styrofoam bucket. Yellow
arrow shows a safety release valve for the argon gas within the condenser. Red arrow indicates
the condenser. White arrow is the thermocouple reader. Green arrow shows the solenoid valve.
The bottom of the picture shows the balance with collection beaker for the liquid argon. The
tests were highly successful.
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Figure 3. Bench test #4 was similar in concept to bench test number 2, with the additional
features of placing the assembly within the Titan Module (TM), placing the balance on top of the
module while using braided lines to support the sample pan, and monitoring via video cameras.
On the bench at the top of the image is the dc power supply that activates the solenoid valve.
The test was highly successful.
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A3. Gas Chromatograph (GC) and FTIR Plots

Figure 4. Gas Chromatograph shows methane (left), and ethane (right) acquired while testing
the mixture of these constituents under Titan temperature and pressure.
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Figure 5. IR spectra of liquid ethane at 97 K, 1.5 bar. Vertical bar is the two-way transmission
through the liquid; i.e. once through, then reflected by the IR reflectance pad in the bottom of the
petri dish, then up through the liquid ethane again. Spectra are cataloged and efforts to compare
the results with data from spacecraft missions are underway.
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Figure 6. IR spectra of a liquid ethane/methane mixture at 98 K, 1.5 bar. Vertical bar is the twoway transmission through the liquid; i.e. once through, then reflected by the IR reflectance pad in
the bottom of the petri dish, then up through the liquid ethane/methane mixture again. Spectra
are cataloged and efforts to compare the results with data from spacecraft missions are
underway.
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III. A GIS APPROACH TO MONITORING TITAN’S NORTHERN LAKES FOR
CHANGE
In this chapter the search for geomorphological and hydrological change in the lakes and
seas in Titan’s north polar region, utilizing Geographic Information Systems (GIS), is described.
A. ABSTRACT
Evidence indicates that an active hydrologic cycle, surface liquid, and fluvial erosion
features exist on Saturn’s moon Titan. Utilizing Geographic Information Systems (GIS), an
analysis of synthetic aperture radar (SAR) swaths of Titan’s north polar region from the Cassini
spacecraft obtained over a 32 month period between Titan’s winter solstice and spring equinox
indicates no discernible change in shoreline position or lake size for the data coverage available.
This may indicate precipitation and evaporation rates were small, balanced, or perhaps mitigated
by a subsurface liquid table. An additional analysis was performed on a possible transient
feature between overlapping SAR swaths obtained 47 days apart of an estuary of the large
northern sea Kraken Mare. A differences map indicates the transient feature was confined within
the liquid filled estuary.

Numerous dynamic causes of this transient feature are possible.

Spatially distributed multi-temporal observations lend themselves particularly well to analysis
with GIS, and the results presented here affect models of seasonal precipitation and evaporation
rates, lake composition, and subsurface liquid table levels.
B. INTRODUCTION
The evidence for an active hydrologic-like cycle and surface liquid on Titan is abundant,
with morphological surface features similar to terrestrial lakes, drainage channels, islands, and
near-shore shallows (Stofan et al., 2007). The very low backscatter from lake-like features at
microwave frequencies is consistent with surface liquid (Hayes et al., 2008). Brown et al.
90

(2008), utilizing data from the Cassini spacecraft’s Visual and Infrared Mapping Spectrometer
(VIMS), detected ethane in the large lake Ontario Lacus in Titan’s south polar region.
Temporally spaced images from Cassini's Imaging Science Subsystem (ISS) in the south-polar
and equatorial regions show darkening consistent with surface liquid due to precipitation (Turtle
et al., 2009; Turtle et al., 2011b). Additionally, a near-specular reflection, i.e. a reflection from
an extremely smooth surface, was obtained from the large sea known as Kraken Mare in the
north (Stephan et al., 2010).
Although more than 400 filled lakes have been identified on Titan, most lie in the
northern high latitudes (Figure 1). Lacustrine features are relatively sparse in Titan’s south, with
the exception of Ontario Lacus, the southern regions largest lake at 200 × 70 km (Wall et al.,
2010). While Ontario Lacus, along with other small lakes in Titan's south, show evidence of
decreasing in size since initial Cassini observations (Wall et al., 2010; Hayes et al. 2011; Turtle
et al., 2011a), to date no discernible change has been detected in the many lakes and seas located
in the north (Hayes et al., 2011). Continued observation is necessary to validate models of
seasonal precipitation.
While estimates of lake composition include ethane, methane, propane, and other
constituents (Cordier et al., 2009; Brown et al., 2008), methane is thought to dominate the
hydrologic cycle due to its rapid evaporation and low density (Mitri et al., 2007; Hayes et al.,
2011). As with bodies of water on Earth, Titan's lake levels will likely be affected by the
hydrologic cycle: a combination of insolation, precipitation, surface runoff, infiltration, aquifer
recharge, subsurface flows, and evaporation - all powered by the ~15 W m-2 irradiance Titan
receives from the Sun. The composition of terrain in Titan’s polar regions is expected to be a
porous mixture of water ice, tholins, and liquid hydrocarbons (Hayes et al., 2011). Tholins are
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aggregates of complex organic molecules that are thought to form in the upper atmosphere from
the interaction of sunlight and energetic particles with nitrogen and methane.
Titan is the second largest moon in the solar system with a diameter of 5,150 km. It is
second in size only to Jupiter’s moon Ganymede, and is larger than the planet Mercury. The
temperature at the surface, as measured by the Huygens probe, is 94 K (Fulchignoni et al., 2005),
and the surface pressure is 1.5 bar. It’s the only solid body beyond Mars with a substantial
atmosphere. The composition of the atmosphere at the surface is ~95% nitrogen, 4.9% methane,
and a multitude of trace species (Niemann et al., 2005).
In this study we examine existing Cassini SAR swaths to search for geomorphological
and hydrological change in the north polar region. Our specific objectives are (1) to compare
repeated coverage of Cassini SAR imagery of Titan's northern lakes to determine if there is
evidence for change in the morphology of shoreline features; (2) to analyze and map a possible
transient feature observed in Cassini SAR images of the northern portion of Kraken Mare; and
(3) to introduce our efforts to process Cassini SAR swaths within a GIS.
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Figure 1. Orthographic projection of Cassini SAR swaths on Titan’s northern pole. Swath
number and acquisition date: T16 - July 22, 2006; T18 - September 23, 2006; T19 - October 9,
2006; T25 - February 22, 2007; T28 - April 10, 2007; T29 - April 26, 2007; T30 - May 12, 2007;
and T64 - December 28, 2009.
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1. Background
The Cassini-Huygens spacecraft began orbiting Saturn on July 1, 2004, and on December
25, 2004 the Huygens probe was released for its decent to the surface of Titan. The Huygens
probe collected 147 minutes, 13 seconds of data during its decent, and 72 minutes, 9 seconds of
data while on Titan’s surface. It continued to send data as the Cassini spacecraft disappeared
below the horizon (Lebreton et al., 2005). The Cassini orbiter continues to study the Saturnian
system. The Cassini orbiter performs periodic close flybys of Titan, and many of these close
flybys include SAR imaging of Titan’s surface. To date, 85 close flybys of Titan have been
completed. Due to the damaging effects Titan’s thick atmosphere would have on the spacecraft,
the altitude of these approaches seldom dips below 1,000 km from the surface. Instrumentation
onboard Cassini includes a synthetic aperture radar (SAR) operating at Ku band (13.78 GHz, λ =
2.18 cm) (Elachi et al., 2004), which is capable of imaging Titan’s surface through the dense
atmosphere. SAR swaths of Titan’s surface are on the order of 6,000 km in length, 150 km in
width at closest approach, expanding to 500 km in width at the ends due to the greater distance
of the spacecraft during approach and retreat from Titan as it orbits Saturn. Spatial resolution
can be as high as 350 m (Paillou et al., 2008).
Radar backscatter is affected by local topography, surface roughness, and the dielectric
constant of the surface materials. Surfaces angled toward the radar beam will appear brighter, as
will rougher surfaces. Hayes et al. (2008) identified three classes of lakes on Titan: dark lakes,
granular lakes, and bright lakes.

Deeper lakes appear dark in SAR images, suggesting a

complete absorption and reflection of microwave energy due to their low dielectric constant and
smooth surface (Paillou et al., 2008). Granular (shallow) lakes are consistent with radiation
penetrating a liquid layer and interacting with the bottom, though varying liquid saturation levels
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also cause radar darkening. Radar-bright depressions, morphologically similar to small lakes,
are interpreted as dry lakebeds 200-300 m deep, and show volume scattering effects. Geologic
interpretations include the presence of porous surfaces, perhaps through karstic dissolution,
cracked evaporative deposits (Hayes et al., 2011; Mitchell et al., 2008), or material with differing
properties than the surroundings. Radar bright lake beds may have similar roughness to their
surroundings with differing material properties (Hayes et al., 2008). This may result from the
accumulation of fine sediments, precipitation of minerals, evaporites, or sub-surface porosity
structures.
The data for each SAR swath is produced in a separate oblique cylindrical coordinate
system, placing the equator of the rotated coordinates along the ground track of that Cassini
flyby and the rotated prime meridian through the point of closest approach (Stiles, 2005). The
radar data are stored in NASA’s Planetary Data System (PDS) Imaging Node. Data become
available to the public approximately one year after acquisition. The Cassini SAR swath data are
stored in either a 32-bit floating point format with linear scale values, or in integer format at 256,
128, 32, 8, and 2 pixels per degree resolutions with values converted to decibels (dB). The lower
resolutions are useful for surveying large areas. The floating point format is stored with and
without incidence angle correction (Stiles, 2005). For this study the highest resolution 32-bit
floating point format, corrected for incidence angle, was utilized. Files were ingested into the
United States Geological Survey’s (USGS) Integrated Software for Imagers and Spectrometers
(ISIS-3) for initial processing. This software is in the public domain and runs on a UNIX
platform (we used a PC running the LINUX operating system). Following the initial processing
the files were transferred into ArcGIS 10 for analysis.
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The extent and spatial distribution of regional lake level change provides key insights on
the seasonal variations of hydrologic subsystem parameters. The ability of a GIS to spatially
correlate image data taken at different times and resolutions, along with the enhanced processing
and analytical techniques of GIS software, facilitates detailed comparison of features undergoing
change.

Hayes et al. (2011) performed a detailed survey of change on the surface liquid in

Titan’s polar regions through analysis of radar returns with consideration of incidence angle and
local surface characteristics. The GIS approach undertaken in this study offers a complementary
and robust methodology with the analytical strengths inherent with the use of commercially
available GIS software, to include repeatability by multiple scientists. Given that the ground
track of SAR swath T64 overlaid six previous swaths for the specific reason to search for change
in this lake-rich region, and Cassini SAR data from seven additional flybys of Titan’s north polar
region, specifically targeting areas for change, are forthcoming, the problem of developing a
process in which to effectively and repeatably analyze Titan’s surface liquids for change
presented itself.
C. METHODS
The image data records of the eight high-resolution Cassini SAR swaths of Titan’s north
polar region acquired between July 2006 to December 2009 were ingested from the PDS to ISIS3 domain. The files were then re-projected from oblique cylindrical to polar stereographic
coordinate systems prior to being directly imported to the Environmental Systems Research
Institute (ESRI) ArcGIS 10 environment. While many geographic information system (GIS) file
formats are available, the ERDAS Imagine format with a 16-bit unsigned integer data structure,
run-length encoding, and image pyramid layers allowed for size reduction of each swath from
1.7 GB to under 100 MB and for rapid display. As part of this process (Figure 2), a gain and a
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bias were applied to the 32-bit floating point data from the original planetary data system (PDS)
in order to achieve a smaller (unsigned 16-bit) data structure while maintaining data variability.
“NoData” was specifically treated as such to facilitate overlays of multiple dates. Given
that the ArcGIS 10 software natively supported the ISIS 3 format, no custom coordinate system
parameters were required for polar stereographic display. However, in order to display the SAR
imagery with an orthographic projection (view from space,) a standard model for Earth was
adjusted to approximate the Titan sphere (Figure 1).
1. Shoreline in Titan's north
The eight northern SAR swath images were georeferenced and imported into ArcMap as
layers.

Overlapping areas containing lakes were further referenced to each other using

temporally invariable manual control points comprised of permanent surface features beyond
lakeshore boundaries (Figures 3 & 4).
Utilizing false color and transparency in overlying images, shoreline boundaries were
visually compared by switching overlaying images on and off while systematically examining
for differences along shorelines. Shoreline was defined as the transitional boundary between the
dark seas and the brighter shore, within the pixel resolution of the image. Using this same
method, smaller lakes and lake-like features were also compared for change in size and position.
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Figure 2. The ArcGIS 10 process model used for importing one swath shows the ISIS-3
generated file (large oval), processes (rectangles), intermediate and final datasets (ovals with
shadow), and constants (small ovals). This repeatable GIS model, implemented for all available
swaths, constitutes a record of data provenance and facilitates automation.
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Figure 3. Cassini SAR swaths T29 and T64 (overlaying) of northern Ligeia Mare (82 N, 235
W,) acquired 32 months apart show no discernible change. Missing data regions in T64 due to
bad weather at ground station (Hayes et al., 2011)
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Figure 4. Cassini SAR swaths T29 and T64 (overlaying) of south-eastern Ligeia Mare (75N,
230W.)
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2. Transient Feature Within An Estuary
Although no discernible change was detected in northern shorelines, analysis of an
estuary of Kraken Mare utilizing GIS techniques identifies a possible transient feature. Radar
backscatter is influenced by look direction and incidence angle, which typically differ between
Titan passes. GIS analysis must consider these effects when searching for change. Deep lakes
appear dark in radar, with the incident energy being reflected and absorbed by the liquid, while
backscatter from shallow or empty lakes is affected by liquid depth, moisture content, surface
roughness, porosity, and composition (Hayes et al. 2008).

SAR swaths T25, acquired on

February 22, 2007, and T28, acquired April 10, 2007, with a temporal resolution of 47 days,
overlay the estuary in northeastern Kraken Mare (77N, 280W). While the estuary shows a bright
region in T25, a dark appearance is found in the subsequent T28 swath. Furthermore, the area is
morphologically consistent with a deep body of liquid. Since the brightening is limited to a
region within the estuary, incidence angle and look direction effects can be regarded as minimal,
although not ruled out. Titan flyby radar swaths T25 & T28 were processed in two steps.
Preliminary processing was carried out using ArcGIS 10, while the subsequent processing was
performed using IDRISI Taiga image processing tools.
During preliminary processing, radar swath T25 was georeferenced with respect to T28
using carefully selected temporally resistant ground control points (GCP’s,) as discussed
previously. A vector polygon mask was created covering the area where the hydrocarbon lakes
were located in both images (T25 & T28). Using this vector polygon, both T25 and T28 raster
images were clipped in ArcGIS (Figure 5 A, B). Both of the resulting raster images were then
converted to ASCII format for transfer to the IDRISI environment.

101

A.

B.
Figure 5. Synthetic Aperture Radar (SAR) swaths T25, acquired on February 22, 2007 (A), and
T28, acquired April 10, 2007 (B).
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The remaining processing was completed using the IDRISI Taiga software. First, the
T25 and T28 ASCII files previously created were imported in to IDRISI raster file format. A
contrast stretch with respect to each image histogram was carried out to normalize the brightness
of both images. A 5 × 5 mean convolution filter was applied to the images in order to reduce
high frequency noise. By comparing T25 and T28 the area of most prominent change was
identified by visual inspection. The most prominent change was observed in an estuary where a
number of drainage patterns converge in the northern region of Kraken Mare. These areas were
extracted using another raster clip operation through IDRISI (Figure 6 A, B).
In order to derive a difference image of T25 and T28 (i.e. T25 minus T28) for change
detection, both images required the same dimensions with respect to number of rows and
columns. To rectify this problem T25 was resampled to match the raster parameters of T28.
Carefully identified temporally resistant GCP’s were also identified during this transformation.
The difference map of T25-T28 was developed using the Map Calculator tool and the relevant
area was extracted.
Background noise lineament features were observed in the resulting difference map. To
remove these lineaments a Fourier transform image was produced. Initially a forward Fourier
process was carried out developing a power spectrum image, with "Imaginary" and "Real"
components (Russ, 1995) of the image in frequency space. Analyzing the power spectrum, a
raster filter was created to remove certain parts of frequency space. This filter was applied to the
imaginary and real components of the image. Using filtered real and imaginary components and
the original difference image (i.e.T25 minus T28), a reverse Fourier process was performed to
develop the enhanced image. A marked improvement was observed comparing the magnified
view of the images before and after Fourier processing (Figure 7A, B.)
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A.

B.
Figure 6. T25 (A,) T28 (B.) Area of prominent change following a contrast stretch to normalize
brightness and filtering to reduce noise.
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A.

B.
Figure 7. Magnified before (A) and after (B) views showing the enhancement though Fourier
transform image processing.
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D. RESULTS
1. Shoreline in Titan's North
No discernible change was detected, within the pixel resolution of the images, between
the liquid and shoreline boundaries in the lakes and seas covered by repeated SAR swaths in
Titan’s north polar region.

The observations are in agreement with Mitchell (2008), who

predicts winter evaporation and precipitation would be small, and Tokano (2009) who predicts
sea levels would fluctuate by at most a few meters during a Titan year (29.5 terrestrial years).
Subsurface liquid table levels, ground permeability, recharge rates, and subsurface flow may also
be at play.
2. Transient Feature within an Estuary
The difference image of T25 & T28 (Figure 8) clearly exhibits evidence of temporal
change between the two radar swaths. Utilizing the standard Normalized Digital Vegetation
Index (NDVI) color scale available in IDRISI Taiga software, the green areas show the highest
change. These results are consistent with Hayes et al. (2011), who analyzed radar backscatter
ratios of T25 and T28, both within and outside the transient region, with consideration of the
incident angles.
Changes are localized in the estuary-like area where drainage systems enter Kraken
Mare. The temporal resolution of the radar swaths is approximately 1.5 months (47 Earth days).
It is therefore unlikely that the changes observed are due to seasonal variations. This suggests
that these changes must be due to short-term dynamic processes. Although the source of this
observation remains unknown, detected changes could be due to a precipitation event within the
time the two radar swaths were acquired. According to Hayes et al. (2011), suspended or
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floating organic debris could account for these observations. Further investigations are needed to
positively identify the reason(s) for the transient changes in this liquid body.
E. DISCUSSION
SAR images, when compared to reflected light, typically exhibit a narrower dynamic
range of useful gray scales, and therefore contrast. SAR images also suffer from artifacts in the
form of speckle noise and volume scattering, and ambiguity as to whether signal strength is due
to the scattering properties of the surface or the angle of the slope relative to the viewing
geometry of the antenna. Furthermore, while the image resolution may be as high as 350 m, it is
more typically nearer to 1 km/pixel (Moore and Pappalardo 2011). The Cassini SAR images of
Titan are comparable in resolution to the Mariner-9 optical images of Mars acquired in the early
1970’s (Elachi et al., 2004).

Given these challenges, an event similar to major terrestrial

flooding would be necessary for changes to be perceptible with Cassini's radar instrument.
Further complications result from the varied incidence angles of the SAR beams
necessitated by the Cassini spacecraft’s orbit around Saturn. Hayes (personal communication,
2011) states that comparing images from swaths with significantly different incidence angles
makes interpretation difficult, and that the incidence angle correction performed in the radar
processing of Cassini data uses an empirically derived backscatter curve for the bulk of Titan.
This function does not accurately describe the backscatter from lake-like features, and will result
in brightness differences that can be mistaken for temporal evolution.
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Figure 8. Green areas indicate the final difference map of T25 – T28 utilizing a standard
Normalized Digital Vegetation Index (NDVI) color scale.
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Figure 9. This research identified the possible filling of a small lake basin with liquid (arrows).
The darkening could be the result of a precipitation event or the local aquifer level. The
darkening could also be the result of the radar viewing geometry, processing, or local geology
(Hayes et al., 2011). From left to right, Cassini synthetic aperture radar (SAR) swaths T28
(April 10, 07), T29 (April 26, 07), and T64 (Dec 28, 09), located at 70N, 225W. Radar analysis
of this particular feature by Hayes et al. (personal communication 2011) was inconclusive, i.e.
the darkening of this location may or may not be the result of surface liquid. Saturated regolith
or moist regolith beneath a dry surface layer could also produce radar darkening.

109

While research in terrestrial remote sensing is routinely coupled with in situ observations
in the field, the lack of such an option, and the lack of relevant analogs for a hydrocarbon
covered icy body, allows ambiguities to persist. For instance, this research identified a small
lake-like feature (Figure 9) that appears to have darkened in swath T64 when compared to the
previously acquired overlapping swaths T28 and T29. Temporal analyses of this lacustrine
feature by Hayes (personal communication, 2011) utilizing SAR backscatter measurements with
consideration of incidence angle and comparison to the surrounding area, lead to ambiguous
results on the nature of this feature, i.e. could not rule out that the observed backscatter was the
result of changes in incidence angle, and could neither prove nor disprove temporal change. The
lake-like feature lies in an area of higher backscatter and shallower incidence angle dependence
than the standard polar plains, and T64 has a much greater incidence angle in this area than the
other two swaths: 34-37 degrees vs. 17-16 and 13-15 degrees for T28 and T29, respectively.
Future observations coupled with results from laboratory simulations will reduce these
ambiguities.
F. CONCLUSION
Our analysis of temporally spaced SAR swaths in Titan’s north polar region shows that
no change in shoreline features or lake size has occurred (within the SAR swath resolution limits
of ~350 to 2000 m). The results support the predictions of atmospheric models on seasonal
hydrology (Mitchell, 2008). Evidence of temporal change has been detected within an estuary of
Titan’s largest sea Kraken Mare, consistent with the results of Hayes et al. (2011). Localized
suspended or floating organic debris could account for this observation.
Seven more observations of Titan’s north, specifically targeted at areas with the
possibility of change, are planned for the Cassini mission from ~April 2013 to January 2016
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(depending on the release dates from the PDS). We eagerly await the availability of data from
future Cassini flybys and the advancement of the spring season, for both increased temporal
spacing and insolation.
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IV. A GEOLOGICAL CHARACTERIZATION OF LIGEIA MARE IN THE
NORTHERN POLAR REGION OF TITAN
The objective of the Cassini spacecraft’s radar instrument is to perform reconnaissance of
Titan’s surface in order that geological characterizations may be formulated. To that end, this
chapter characterizes the large northern sea Ligeia Mare and its surroundings. Cassini synthetic
aperture radar (SAR) swaths were mosaicked, and the mosaic interpreted so as to identify the
principle components of the surrounding terrain. Interpretations related to landscape forming
processes are also presented.
A. ABSTRACT
Ligeia Mare, the second largest sea on Titan, resides in an endorheic basin dominated by
seas in the northeastern polar region. Ligeia’s shoreline morphology resembles terrestrial manmade reservoirs where water is dammed and valleys are flooded. Here we describe the mare and
surrounding geologically diverse terrain including rugged highlands and lowlands, incised
valleys, and smooth plains. Observations include active processes evidenced by drainage flow
directions, areal extent of rivers and river valleys, sediment volume estimates, and varied
drainage patterns. Headward erosion has carved valley and ridge systems in the flanks of the
highlands, while the more distal highland plateau is mostly uncut by rivers or extensive erosion
and contains smaller lakes, lakebeds, and mottled terrain.
B. INTRODUCTION
Ligeia Mare (250 W, 80 N) occupies ~105 km2 of a nearly 106 km2 basin region in Titan’s
northern latitudes from 220-360o W where the large seas Ligeia, Punga, and Kraken Mares are
found.

Smaller lakes are scattered throughout the remaining northern region; deep lakes are

seen above 650N, while below 770N shallow lakes and empty basins appear (Hayes et al., 2008).
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Of the approximately 54% of the north polar region surveyed by radar, ~10% is currently
covered by lakes (Lorenz et al., 2008b). Cassini Synthetic Aperture Radar (SAR) swaths T25,
T28, and T29, obtained 22 Feb 2007, 10 April 2007, and 26 April 2007, are mosaicked in Figure
1, showing Ligeia Mare in its entirety. The mosaic is then interpreted so as to identify the
principle components of the surrounding terrain and interpretations related to landscape forming
processes are presented.
Deeper lakes appear dark in SAR images, suggesting complete absorption and reflection
of microwave energy (Hayes et al., 2008; Paillou et al., 2008). SAR analysis by Hayes et al.
(2008) indicates that granular (shallow) lakes are consistent with radiation penetrating a liquid
layer and interacting with the bottom, though varying liquid saturation levels also cause radar
darkening. Radar-bright depressions, morphologically similar to small lakes, are interpreted as
dry lakebeds 200-300 m deep (Hayes et al., 2008). The radar bright reflections from empty lakes
show volume scattering effects, implying penetration and/or multiple scattering of incident
microwave energy. Geologic interpretations include the presence of porous surfaces, perhaps
through karstic dissolution, lakebeds with indurated surfaces, cracked evaporative deposits
(Hayes et al., 2011), or material with differing properties than the surroundings (Hayes et al.,
2008).
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Figure 1. Polarsteriographic composite from Cassini SAR swaths T25, T28, and T29 (acquired
22 Feb 2007, 10 April 2007, and 26 April 2007 respectively). Stripe indicates altimetry profile
estimate path for figure 4 (Stiles et al., 2009, Stiles et al., 2011).
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Titan’s atmospheric pressure is ~1.5 bars at the surface, where it consists of almost 95%
nitrogen, 4.9% methane, and a myriad of other species. The temperature in the northern polar
regions is ~91 K (Jennings 2009) and was measured to be ~94 K near the equator by the
Huygens probe (Fulchignoni et al., 2005).
Although estimates of lake composition include ethane, methane, propane, and other
constituents (Cordier et al., 2009; Brown et al., 2008), methane is thought to dominate the
hydrological cycle due to its high evaporation rate and low density (Mitri et al., 2007; Hayes et
al., 2011). Ethane, being relatively stable under Titan conditions, may dominate in subsurface
aquifers.

SAR imagery of the north taken from July 2006 to December 2009 shows no

discernible change in northern shoreline features, in line with predictions that precipitation and
evaporation during winter would be minimal (Mitchell, J. L., 2008). In contrast, shoreline
change has been detected in Ontario Lacus in the south polar region (Wall et al., 2010). As on
Earth, many factors likely contribute to lake levels, including topography, ground flow from
local aquifers, crustal permeability, substrate morphology, and infiltration rates. The Huygens
probe detected an increase in methane abundance following impact, suggesting the warm probe
caused methane to evaporate from a surface moist with hydrocarbons. Laboratory experiments
indicate liquid methane readily soaks into water ice, which is consistent with an unconfined
aquifer or "water table" and ground saturation of the solid ice (Sotin et al., 2009). Analysis by
Lorenz and Lunine (1996) predicts that chemical weathering of water ice on Titan’s surface by
liquid methane is insignificant. However, complex hydrocarbons originating from atmospheric
photochemical processes, and delivered via precipitation, could potentially form karst terrain
(Mitchell, K. L. et al., 2008).
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Precipitation on Titan is thought to be seasonally dependent on Saturn’s 29.5 year orbit
around the Sun (Stofan 2007). Insolation, and consequently precipitation, is impacted by the
perihelion/aphelion seasonal positions of the Saturnian system. Precession and the changing
eccentricity of Saturn’s orbit, much like glacial cycles on Earth, would have periods of tens to
hundreds of thousands of years. Such cycles could account for the hemispheric distribution of
lakes, which are sparse in the south polar region (Aharoson et al., 2009). Although relatively
weak insolation is thought to allow only ~1 cm of average rainfall per Earth year across Titan
(Lunine and Lorenz 2009), increased precipitation at the poles and episodic storms, similar to
events on Earth’s deserts, could carve the landform features observed. SAR swaths T25, T28,
and T29 were obtained during Titan's northern winter.
Fluvial incision into bedrock, i.e., water ice on Titan, is likely to be similar to that on
Earth for similar conditions of slope, discharge, and sediment supply (Collins 2005). Although
sediments experience a reduced gravitational force compared to Earth, this is offset in part by
liquid methane’s lower viscosity compared to that of liquid water, and, for a given shear velocity,
larger sediment sizes can be transported on Titan due to greater buoyancy (Burr et al., 2006).
Additionally, while the kinetic energy of particle impacts through liquid may be lower on Titan,
the abrasion resistance of water ice to that of terrestrial sandstone, for example, is also lower
(Collins 2005). Work by Burr et al. (2006) on organic and water ice sediment movement by
liquid methane flow under Titan gravity indicates that non-cohesive material would move more
easily on Titan than Earth. Additionally, hyperconcentration of fine grain organic sediment
precipitated from the atmosphere would enhance coarse grain transport, with the possibility of
convection driven rainstorms leading to hyperconcentrated flows, and surficial liquid flow events
incurring significant sediment transport (Burr et al., 2006).
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Flow directions into Ligeia are predominately northwesterly originating in the highlands
to the south. Smaller flow contributions are delivered from the north in the high latitude lake
region. Figure 2 illustrates the resolvable river drainage into Ligeia Mare based on main channel
areal extent (km2) and flow direction. Channel lineations are dark, suggesting smooth surface
characteristics or liquid; however, shadowing effects may occur in valleys due to radar incident
angle. All rivers surrounding Ligeia flow into the basin with no apparent outflow. Together
with Punga and Kraken Mares, the entire watershed is a closed basin hosting the largest surface
ethane/methane reservoirs on Titan.
C. METHODS
Utilizing the Cassini spacecraft SAR swath data located within NASA's Planetary Data
System (PDS), this study utilized both Integrated Software for Imagers and Spectrometers (ISIS3), and ArcGIS. All Cassini SAR data was downloaded onto a server that utilizes the Linux
operating system. SAR images were accessed directly on the server as well as remotely via NX
Server software, which allows the equivalent of a remote desktop for Linux from a personal
computer. For this study, SAR swaths T25, T28, and T29 were ingested into ISIS-3, then
reprojected from an oblique cylindrical map projection to polar stereographic, and formatted for
subsequent importation to the Environmental Systems Research Institute (ESRI) ArcGIS 10
environment.
Further processing utilizing the ERDAS Imagine format with image pyramid layers, a 16bit unsigned integer data structure, and run-length encoding allowed for size reduction from 1.7
GB to under 100 MB for each SAR swath, resulting in rapid display. The abundant "NoData"
within the PDS files were removed to facilitate overlays.
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Following the above, SAR swaths were available for seamless analysis utilizing ArcGIS
10.
D. CHARACTERIZATION
The principle components of the features surrounding Ligeia Mare, and interpretations
related to landscape forming processes were largely determined utilizing terrestrial analogs with
careful consideration for the specific differences associated processes would undergo on Titan.
The characterization that follows begins at the northernmost reaches of the mare, and proceeds in
a clockwise direction.
1. Crater (Location A)
Our characterization of landscape form begins on the north side of Ligeia Mare (Figure 1)
where a wide channel is seen to empty into Ligeia Mare, near an apparent impact crater (Figure
3.)
Channels emptying into the sea appear submerged on a shallow floodplain or delta before
disappearing into the depths, which is typical for Ligeia Mare. Although radar can penetrate for
meters through liquid methane and interact with the bottom, a saturated regolith, exposed smooth
lake sediment, or combination thereof could produce these effects as well, blurring a transition
from shore to sea (Paillou et al., 2008; Hayes et al., 2008; Lorenz et al., 2008a).

Submerged

channels suggest lower sea levels in the past, hydrodynamic submarine channel flow, or cohesive
sediment fill restricting flow within narrow channel walls.
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Figure 2. Rose diagram demonstrating a dominant northwesterly flow direction across the
southern portions of the Ligeia Mare watershed; a southwesterly flow direction dominates in the
North.
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Figure 3. A channel empties into Ligeia Mare near an apparent impact crater with central peak.
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A structure, indicative of an impact crater, features a circular bright rim raised against the
dark liquid with an apparent central peak.

Ejecta and crater fill are not detectable; these

morphological characteristics are seen for recognized crater structures on Titan (Wood et al.,
2010) but would not be visible in or around the flooded crater. Alternative formation processes
include cryovolcanism or fluvial deposition, the later the result of proximity to a channel and
shoreline, coupled with unknown liquid dynamics, morphologically similar to a terrestrial spit.
What is certain is that flow regimes in this shallow arm of Ligeia have been insufficient in either
time or energy to erode the craterform. Although the well-preserved portion of the crater is in
close proximity to the mouth of a major river, little alteration has resulted. The crater rim is
intact with the exception of the eastern edge having suffered from erosion, flow melt, or other
degradations.
Continuing along the shoreline in a clockwise direction is a series of broad incised bays
that appear flooded, typical of Ligeia's littoral zones. The terrain appears mottled for ~50 km up
to the shorelines of a large bay containing several islands. Beyond this bay the terrain becomes
more radar bright and hummocky with increased variability in brightness and apparent chains or
ridges further south (Lopes et al., 2010.)
2. Hummocky Terrain (Location B)
The easternmost region of Ligeia Mare appears textually granular (Hayes et al., 2008) or
shallow, gradually deepening seaward.

The inland region is hummocky and mountainous

terrain, rising to ~1500 m just 75 - 100 km from the sea. Such radar bright textured terrains have
been interpreted to be of tectonic origin (Lopes et al., 2010; Radebaugh et al., 2007; Styles et al.,
2011); however, exogenic processes are clearly active in this drainage basin. Offshore islands
and more rugged shorelines emerge from the broad, gradual sloping eastern bay. Tributaries
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resemble those in terrestrial fjords or regions subject to mass wasting processes, with steep-sided
valleys. Rock falls, debris flows and slides are all gravity driven processes common to steepwalled valleys and are a likely source of sediment production in this region, and in the rugged
hills and mountain regions in general.
About 50 km further clockwise, the confluence of four prominant drainage systems
empty into Ligeia where extensive fluvial deposits are anticipated.

Dendritic drainage

originating near highland escarpments would initiate rills through headward erosion and continue
on through the rugged terrain where tributaries feed into downriver channels (Figure 4.)
3. Peninsula (Location C)
A promenent peninsula located at 245 W, 75 N, with islands 5-35 km off shore, is
flanked on the east and west by river valleys and highlands to the south. Altimetry estimates on
the east and west flanks, along with an offshore island, indicate lower elevations, with
hummocky and diverse terrains near the shore (Stiles et al., 2011). Morphologies of the drainage
patterns and shorelines suggest that erosion, rather than deformation, formed the valley and ridge
systems. Extensive shorelines can be traced throughout this region, lined with finger coves and
alcoves, islands, and peninsulas, indicative of branching drainage patterns and erosional features
rather than tectonic. Morphologies are similar to terrestrial flooded valleys, erosional coastlines,
and endorheic drainage basins with modest to high-angle slopes.

These features and are

strikingly similar to recent man-made reservoirs where water is dammed and lowlands flooded.
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Figure 4. Confluence of drainage channels into a single channel. The channel appears darker
than its granular surroundings.
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4. River Systems (Location D)
The river system to the west (terminating at 246 W, 75 N) is approximately 260 km long
and originates in the highlands near an area ~900 m in altitude from sea level (Stiles et al., 2011).
The flow is northwesterly with branching gully and ridge tributaries initiated on the down slope
rim of the highlands (Figure 5.) Incised channels span the entire distance from highlands to
basin. Although primarily dendritic, trellis drainage patterns appear near the southern plateau,
gradually descending into anastomosing systems. The channel feeds into what appears to be an
extended cove of Ligeia's southern shore. The local watershed, the area half-way between
adjacent rivers, is some 10,000 km2.
5. Highlands (Location E)
The inland highlands south of Ligeia are a mottled terrain superimposed with dark lakes,
granular lakes, and dry lake beds, varying in extent from 25 - 1000 km2 (Figure 6.) The dark and
granular lakes are predominately clustered in what appears to be a modest depression (Stiles et
al., 2011) in the south-eastern region, while bright lakes dominate to the west. Radar analyses
from Hayes et al. (2008) indicate radar bright lake beds have similar roughness to their
surroundings with differing material properties. This may result from the accumulation of fine
sediments, precipitation of minerals, evaporites, or sub-surface porosity structures.

Liquid

methane readily permeates into water ice, the principal component of Titan’s "bedrock";
therefore, the appearance of filled lakes could depend on saturation levels as well as the elevation
of the methane/ethane table. This, of course, does not exclude the existence of some type of
impermeable surface creating a perched methane/ethane table. Though many of the lacustrine
features are circular in shape, there is a lack of supporting evidence for impact origins; i.e.
central peaks, dark floors, and ejecta blankets. The clustering of these features, as well as a lack
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of more definitive impact craters in the north compared to the rest of Titan, also does not offer
support for impact origins (Wood et al., 2010). Cryovolcanically produced calderas is another
possible formation mechanism, although no evidence of lava flows can be seen. Karst processes
may be operating.

Steep-rimmed depressions and clustering of lacustrine features in the

highlands are consistent with terrestrial karst depressions (Mitchell, K. L. et al., 2008). This
region lacks visible surface drainage systems or incised channels. Drainage systems, radial and
dendritic patterns, appear only on the basinward slope. This does not preclude the possibility of
subresolvable features, narrow channels, or flow patterns consistent with indurated surfaces.
Sheet flow during rain events across the highlands evolves into the gullies and rills in the north,
terminating in canyons and river valleys. Earth analogs for the highlands include the Great High
Plains tableland and/or the Colorado Plateau of North America (McQuarrie and Chase 2000), or
the retreating escarpments of the Yilgarn Craton, Australia (Anand and Paine 2002). Rugged
terrains, separating the highlands and Ligeia Mare, are similar in their erosional origin and form
to deeply incised canyonlands, badlands, and benchlands, with terraced plateaus, foothills, and
piedmonts. Ancient terrains in the highlands are likely to be partially buried by mineralized
deposits, tholins, and sheet or mud flow sediments.
6. Parallel Drainage Channels (Location F)
Northwest flowing parallel drainage channels, one trellis, the other dendritic, flanked by
elevated terrain to the east and low-lying terrain to the west, empty into the southern-most region
of Ligeia (Figure 7.) The eastern 325 km long dendritic system originates near the highlands,
and the western 105 km long trellis system originates in lower terrain. These extensive systems
drain into a catchment area either embayed by “flood waters” or filled with saturated regolith
along Ligeia's low-angle shoreline. Within this floodplain, submerged sinuous channels are
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observed. Channels in this area are typical of terrestrial base level flow with low gradients,
including meander, and anastomosing.

Such systems expend energy laterally, rather than

vertically, with a net sediment transport equilibrium between erosion and deposition. This
process often creates cut banks and point bars. Deposition occurs on point bars or in overbank
deposits. Trellis drainage is indicative of topographically controlled flow patterns or steep-sided
valleys. These systems are also common in rigid or indurated surfaces, fractures, or regions
where extension or compression have resulted in fault blocks or fold belts. Wrinkle ridges on
Titan may have formed in response to a shrinking crust or to tectonic stress perpendicular to fold
direction. The pattern is also consistent with fault-bounded ridges, with extensional deformation
as opposed to compressional. Parallel ridge and valley systems on Earth exhibiting trellis
drainage systems are commonly the product of tectonics and stratified in rock layers with varied
degrees of resistant rock, rather than simple gravity-driven stream erosion. If extensional, the
valley may have resulted from a downthrown, fault-block graben. The graben would be flanked
to the north by scarps caused by tilting, uplift, or alternately by downwarping to the north into
Ligeia. In the low-lying area, rivers drain into orthogonal channels, indicating bedrock rigidity
or fracture morphology. On Earth, drainage such as this is typically associated with stress
fractures, faults, or cracks. Much of the drainage into the orthogonal main channel appears to be
annular or fracture-controlled. The westernmost portion of the low-lying region is within several
kilometers of tributaries emptying into an estuary of Kraken Mare.
7. Two Domes (Location G)
Continuing northwest, two large apparent domes separate Ligeia from Kraken. The
domes, located at 270 W, 77 N, and 290 W, 81 N, are on the order of 150 km in diameter and
appear to reach heights of 1500 m above sea level (Stiles et al., 2009). Between the domes, the
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Kraken estuary discussed in section F is only ~37 km from Ligeia. Terrestrial domes are
commonly formed from compression, subterranean expansion or diaperic anomalies, folding,
tectonic uplift, rebound or from surface expansion and exfoliation. Brittle deformation and
exfoliation result in dissection and annular drainage. The first dome, with an average eastward
slope of approximately 22 m/km to the shoreline of Ligeia, exhibits annular drainage, becoming
more dendritic downwards towards Ligeia (Figure 8.) Should surface features on Titan result
solely from exogenic processes (Moore and Pappalardo 2011), the domes may be capped with
materials or duricrusts much more resistance to erosion than the surroundings.
The second dome has a lower gradient of 15 m/km on its Ligeia facing slope. Features of
this slope are difficult to identify due to the lower resolution of the T25 swath. This second
dome borders the westernmost portion of Ligeia, with the above mentioned estuary to its
southeast, and establishes a watershed between Kraken, Punga, and Ligeia. Punga Mare lies
across undifferentiated plains to the northwest. To the south, lower lying rough terrain, leads to
an east-west ridge.
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Figure 5. A 260 km river channel originates in the highlands and terminates in Ligeia Mare.
Trellis and dendritic drainage patterns can be seen.
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Figure 6. Highlands south of Ligeia Mare. In the lower right, the highlands contain a cluster of
dark or deep lakes, while a cluster of bright, or empty lakes, can be seen in the lower left (Hayes
et al., 2008). Hummocky region of Figure 1 B. can be seen in the top right (Lopes et al. 2010).
Drainage channels terminate in the shallow littoral zone of Ligeia Mare at the top of the image.
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Figure 7. Parallel channels, one trellis, the other dendritic, terminate into southwestern Ligeia
Mare.
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Figure 8. Dome with annular (dashed arrow) and dendritic (solid arrow) drainage patterns.
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8. Low Lying Region (Location H)
Continuing clockwise, a region of smoother terrain and lower elevation separates Ligeia
from Punga Mare to the northwest. Two channels empty into Ligeia and continue a southerly
flow appearing as submarine or submerged channels within a granular offshore region.
Continuing east, the terrain again becomes rugged and elevated, approaching 1000 m in
elevation (Stiles et al., 2011). To the north is a small lacustrine feature with an area of ~100
km2.
E. DISCUSSION
Ligeia Mare is similar in form to the Caspian or Dead Seas, with no apparent outflow,
and is morphologically similar to a flooded valley with an intricate shoreline such as Lake
Powell in the USA. Extensive dissection along the flanks of the highlands has resulted in steepsided valleys, long narrow ridge formation, and vast networks of dendritic drainage systems.
Brittle deformation of surface rock often leads to mass wasting or gravity-driven mass
movement, exfoliation, and other mechanical weathering and erosion processes. Regolith and
talus accumulation on slopes and in alluvial cones, aprons, or fans provide detritus to be moved
during rain or flood events. These transported sediments serve as pummeling agents to enhance
downstream erosion. The combined erosive and transport capacities of rivers, along with the
topographic relief of hundreds of meters, suggests that large quantities of sediment have been
exhumed and deposited into Ligeia. For instance, by estimating resolvable river valley areas
utilizing geographic information systems (GIS) software, assuming an average depth of 50 m for
main channels, and 20 m for tributaries, sediment accumulation volumes through time have been
estimated (Table 1). It is curious to contemplate the abundance of fluvial features that are
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beyond Cassini’s SAR resolution of ~350 m to ~2 km. Note that the Huygens probe detected
fluvial features during its decent that are not detectable via Cassini’s SAR.
Stiles et al. (2009) and Stiles et al. (2011) estimated surface topography from Cassini
SAR data based on the apparent backscatter differences from the overlap of antenna footprints
between two of the five Radar antenna feeds, and knowledge of spacecraft pointing, ephemeris,
antenna beam patterns, and the nominal 2575.0 Titan reference sphere. Utilizing these altimetry
maps and drawing curved lines between measurements, Figure 9 was generated to provide a
sense of the topography in this region.
Ligeia Mare has many high-gradient downcutting river systems, the lower stretches of
which appear flooded. These rivers are capable of transporting assorted alluvium, similar in size
range to those seen by the Huygens probe; however, as the slope profiles flatten into flood plain
valleys, sediments are likely to drop out near the base of the mountains where sorting may begin.
Sediment eroded from upland sources would likely consist of various sizes due to the diversity of
river gradients, mass wasting, and gravity flows. Sediment sorting occurs during transport as a
result of flow velocity, distance traveled, changes in gradients, or as suspended sediments settle
out in a basin or low-energy environment.

Longer transport suggests greater mechanical

breakdown and sorting; shorter transport implies less breakdown and sorting. Deposits from
precipitation and flood events would form layers or varves in the endorheic basin. Depositional
couplets, laminations, and graded strata are possible in regions where flow regimes vary, become
quiescent, or where ephemeral streams empty into basins, or high-energy flows meet lower
gradients such as flood plains, deltas, and mares. Progressive sediment fill over time makes the
prospect of stratified sediment accumulations in Ligeia not only intriguing, but probable, and
would contain elusive records of the region's geologic and climatologic past.
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Table 1. River Valley Area and Sediment Volume Estimates.
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Figure 9. Estimated altimetry along the horizontal line shown in Figure 1, showing the Ligeia
basin, rugged valleys, and highlands. Liquid depths in are inferred (Stiles et al., 2009; Stiles et
al., 2011).
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APPENDIX D
Sediment Volume Estimates Through Time for the Twenty-Three Drainage Channels
Emptying Into Ligeia Mare, Including Tributaries
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River
Number

Main Channel
Area
(km2)

Tributary
Area
(km2)

Main Channel
Volume
(km3)

Tributary
Volume
(km3)

Total
Volume
(km3)

1

94

4

4.7

0.08

4.78

2

10

14

0.5

0.28

0.78

3

16

0

0.8

0

0.8

4

16

0

0.8

0

0.8

5

54

10

2.7

0.2

2.9

6

115

15

5.75

0.3

6.05

7

49

16

2.45

0.32

2.77

8

28

6

1.4

0.12

1.52

9

103

62

5.15

1.24

6.39

10

19

0

0.95

0

0.95

11

260

190

13

3.8

16.8

12

72

68

3.6

1.36

4.96

13

124

61

6.2

1.22

7.42

14

9

0

0.45

0

0.45

15

43

0

2.15

0

2.15

16

9

10

0.45

0.2

0.65

17

5

0

0.25

0

0.25

18

32

0

1.6

0

1.6

19

6

4

0.3

0.08

0.38

20

40

0

2

0

2

21

150

0

7.5

0

7.5

22

80

0

4

0

4

23

28

0

1.4

0

1.4

68.1

9.2

77.3

Table B1. Sediment estimates for the 23 drainage channels emptying into Ligeia Mare. River
lengths and widths were measured utilizing Integrated Software for Imagers and Spectrometers
(ISIS-3) and ArcMap 10. Volume estimates utilized a main channel depth of 0.05km, and a
depth of 0.02km for all tributaries.
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V. CONCLUSION
The contributions to science detailed in the body of this dissertation include the
development of the Titan simulation chamber and the experimentation and direct measurements
of processes and samples under the conditions found on Titan; e.g. for the first time the
evaporation rate of liquid methane under Titan conditions has been experimentally determined in
the laboratory.
The significance of the development of the Titan Simulation Chamber was further
demonstrated by the in situ measurements of the infrared (IR) spectra (1-2.2 µm) of liquid
methane, ethane, and mixtures thereof, under simulated Titan conditions. The spectra have been
cataloged and offer the first direct measurements available for comparison with theoretical
models and spacecraft data.
In addition to the scientific contributions derived from the Titan Simulation Chamber, it
was demonstrated that geographic information systems (GIS) techniques, when applied to
remotely sensed imagery of outer planetary bodies, permits the detailed interpretation of
complex landforms and landform associations. Furthermore, GIS techniques, when applied to
the full extent of the SAR data acquired by the Cassini spacecraft, allowed for a systematic
search for evidence of change in the lakes and seas of Titan's north polar region.

The results

shed light into seasonal precipitation and evaporation rates in a region with extensive lakes, seas,
fluvial erosion features, and a hydrological cycle.

Moreover, the application of GIS techniques

provided insight on the dynamic nature of the lakes themselves by identifying a region within a
large sea that contained a transient feature, the result of possible suspended or floating organic
debris.
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The objective of the Cassini spacecraft’s radar instrument is to perform reconnaissance of
Titan’s surface in order that geological characterizations may be formulated. To that end, a
detailed characterization of the large northern sea Ligeia Mare and its surroundings was
performed. Cassini SAR swaths were mosaicked, and the mosaic interpreted so as to identify the
principle components of the surrounding terrain, and interpretations related to landscape forming
processes were presented.
Along with the scientific contributions stated above, a number of engineering
developments were also achieved, which were necessary in order to perform the experiments
within the Titan simulation chamber. By developing the Titan Module (TM), the Andromeda
Chamber was adapted to simulate the extreme conditions on Titan without losing the ability to
easily resume Mars testing.

Additionally, a critical achievement was the design and

development of the cryogenic cooling system that enables the TM to reach and maintain Titan’s
narrow surface temperature range during experimental runs. Also, the pressure of the nitrogen
atmosphere within the chamber is maintained at Titan’s surface pressure. Finally and most
notably, the problem of how to safely insert the cryogenic liquids and ices undergoing
experimentation into the chamber was solved by developing methods and hardware to condense
the constituents within the chamber itself.
A. FUTURE WORK AND FURTHER STUDY


As the chamber experiments progress, the further cataloging of IR spectra will
continue for methane, ethane, mixtures thereof, and for Titan relevant ices.



Efforts to compare the IR spectra data with data obtained from the Cassini mission
are underway and will continue as more experimental data are obtained.
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Future Cassini flybys of Titan’s north polar region are eagerly awaited as the
insolation continues to increase with the progression of the northern spring season.
These observations will be compared with theoretical models that predict increased
precipitation and evaporation. The future SAR swaths that are scheduled over the
northern lake region will shed additional light on the dynamic nature of this region, to
include shoreline change, lake size, and transient features. Additionally, it is to be
seen if features currently identified as empty (bright) lakes will fill with liquid during
the predicted increase in precipitation as Titan progresses toward northern spring and
summer.

Moreover, shallow (granular) lakes may brighten, indicating the

evaporation of liquid methane in those regions. Increased wind activity will be
apparent with radar observation of the lakes.
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APPENDIX G
PROCESSING CASSINI SYNTHETHIC APERTURE RADAR (SAR) IMAGES
The process for configuring Cassini synthetic aperture radar (SAR) swath data from
NASA's Planetary Data System (PDS) Imaging Node to a suitable format for analysis using the
Integrated Software for Imagers and Spectrometers (ISIS-3), and for transfer into ArcGIS, is
summarized below. Note that a basic working knowledge of UNIX or Linux is necessary, and
familiarity with the PDS, ISIS-3, and Cassini Radar Basic Image Data Records SIS (Stiles 2005)
is needed as well. The above topics are beyond the scope of this summary; adequate training
material is available on the web. ISIS-3, Geographic Information System (GIS), and links to
documentation are continually updated and the information presented here represents the
methods utilized at the time of this analysis. It is the responsibility of future users to make the
adjustments necessary to account for updates.
The date the SAR swath was acquired must be known. This can be found in the Titan
mission description flybys. Data are stored on the server located in the Space Center at the
University of Arkansas. This database must be periodically updated, and loading instructions are
available on the NASA ISIS-3 website. Data on the server are located in the directory: work –
cassiniArchives. Data files can also be downloaded from the internet on an individual basis
using a variety of sites offered by the PDS. There are many types of radar data: SAR image data
(BIDR), altimetry (SBDR), scatterometry (LBDR), radiometry (ABDR), and burst ordered data
products (BODP).
A useful brute-force method to obtain individual SAR data swaths from the NASA
PDS is to utilize:
http://pdsimg.jpl.nasa.gov/data/cassini/cassini_orbiter/

(PDSimg 2012)
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Using the date/time the file was acquired, find the appropriate SAR data file by iterating through
the files labeled “CORADR_file#”. Clicking on “Name” at the top of the page will sort the files.
Note that “Last Modified” is not the acquisition date. Once the CORADR_file# has been
located, click on DATA, then BIDR, then download the appropriate file type. Note that data for
this research utilized the highest resolution 32-bit floating point format, corrected for incidence
angle (Stiles 2005).
To process the PDS SAR data using ISIS-3:
1. Working from the same directory the file is located, unzip the file. Then change the
extensions of the image and label files to lower case (.img and .lbl).
2. If ISIS-3 is not already activated type: . isis3
3. Ingest the file into ISIS-3 utilizing the command “pds2isis”. This will transform the
image file into a .cub file. Give the new file an appropriate name for future reference.
From here files may be analyzed utilizing ISIS-3 (viewed utilizing “qview” etc.).
4. Re-project the swath from oblique cylindrical to the desired coordinate system utilizing
the “map2map” command prior to transferring to the Environmental Systems Research
Institute (ESRI) ArcGIS 10 environment. For this research, files were re-projected to
polar stereographic.


Map templates were created and placed within a directory labeled “maps”



Swaths

from

the

north

polar

region

utilized

a

template

named

“PolarStereoCustomEast.map”, with the following parameters:
Group = Mapping
ProjectionName

= PolarStereographic

CenterLongitude = 180.0
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CenterLatitude

= 90.0

TargetName

= Titan

EquatorialRadius = 2575000.0 <meters>
PolarRadius

= 2575000.0 <meters>

LatitudeType

= Planetocentric

LongitudeDirection = PositiveEast
LongitudeDomain

= 360

MinimumLatitude

= 50.0

MaximumLatitude

= 90.0

MinimumLongitude = 0.0
MaximumLongitude = 360.0
End_Group
End


Swaths

from

the

south

polar

region

utilized

a

template

named

“PolarStereoEastSouth.map”, with the following parameters:
Group = Mapping
ProjectionName

= PolarStereographic

CenterLongitude = 180.0
CenterLatitude

= -90.0

TargetName

= Titan

EquatorialRadius = 2575000.0 <meters>
PolarRadius

= 2575000.0 <meters>

LatitudeType

= Planetocentric
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LongitudeDirection = PositiveEast
LongitudeDomain

= 360

MinimumLatitude

= -90.0

MaximumLatitude

= -50.0

MinimumLongitude = 0.0
MaximumLongitude = 360.0
End_Group
End


Within map2map ensure:
1. PIXRES is specified to be “Read resolution from image cube
(FROM)”.
2. DEFAULT RANGE is specified to be “Read default range from
map file (MAP)”.
3. Leave the LAT/LON parameters alone. They should all say “Use
default range”.
4. Make sure the “Trim pixels outside of ground range” is checked.

5. Files may be converted to Portable Network Graphics (png) utilizing the “isis2std”
command. This format is also suitable for transfer into the ArcGIS environment.
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